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Tasks I, II, III, IV will be completed in Phase 1 (the first year). 
Professor Ramalingam will be responsible for Tasks I and II on 
coating technology while Professor Winer will be responsible for 
Task III on engine oil rheology. Professor Winer will also coor-
dinate Task IV, the preparation of the Phase I report. 
The research engineer, S. Bair, will work with both Professors 
Ramalingam and Winer to assist in the design and construction of the 
experimental equipment on all three tasks. Four graduate students 
will be working with Professor Ramalingam and Professor Winer and 







Development of Coating Technique 
Completed by Mid.-April 1981 
Preliminary Coating Trials 
Completed by 30 August 1981 
Shear Rheological Characterization of 
Motor Oils 
a) pressure viscosity: 
Completed mid-April 1981 
b) limiting shear stress: 
Completed by 30 August 1981 
Phase One Report 
Completed 30 September 1981 
PROGRESS REPORT 
October - December 1980 
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During this initial three months of the contract primary attention 
was directed towards securing graduate students and initiating the 
research. Because the final commitment was not available until 
after the beginning of the Fall Quarter, some difficulty was experi-
enced in hiring graduate students. However, sufficient commitments 
were made to initiate the research. 
TASK I: DEVELOPMENT OF COATING TECIINIQUES 
The equipment was assembled for magnetron reactive sputtering and solid 
lubricant coating techniques. Samples of materials to be coated were 
acquired and preliminary trial coatings begun. Coating parameters 
are being evaluated to enhance coating rates. These evaluations shall 
continue during the next quarter and Task II, Preliminary Coating Tests, 
will begin during that time. 
TASK III: SHEAR RHEOLOGICAL CHARAC1ERIZATION 
OF LIQUID LUBRICANTS (MOTOR OILS) 
The equipment was calibrated and lubricant samples acquired. The pressure 
viscosity measurements at three temperatures (40, 100, 150C) were begun 
and will continue through the next quarter. The limiting shear stress 
measurements may begin during the latter part of the next quarter. 
Because of the difficulty of acquiring well defined fully formulated 
lubricants, 12 off-the-shelf representative engine oils were selected 
plus the reference oil being used in the ASTM Fuel Efficient Oil 
program. A copy of the list of these oils is attached. The suppliers 
have been written requesting generic information about these formulations. 
DOT PROGRAM 
ENGINE OIL SAMPLES 
SAE GRADE MANUFACTURER NAME COMMENTS 
10W-40 Shell Oil Company Fire and Ice Gas Saving Formula 
20W-50 Burmah-Castrol, Inc. GTX 
10W-40 Texaco, Inc. Havoline 
10W-30 Sun Oil Company Cam 2 Mileage Mileage 
10W-30 Sun Oil Company Cam 2 
10W-40 Atlantic Richfield Company ARCO Graphite Graphite 
10W-40 Quaker State Oil Refinery Deluxe 
Company 
10W-40 Quaker State Oil Refinery Sterline Energy Saving 
Company 
10W-20W-30 Quaker State Oil Refinery Super Blend 
Company 
30 Quaker State Oil Refinery HD Oil 
Company 
5W-20 Mobil Oil Corporation Mobil 1 Synthetic 
10W-40 Pennzoil Company Multi-Vis 
HR - 1 ASTM-EE0 Program 
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The attached set of mailing labels (plus four copies of list) make up 
the proposed Potential User List. Of those on this list, the follow-
ing five will constitute the five professionals with whom we shall 
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The research has been progressing satisfactorily and on schedule 
during the past quarter, and is expected to continue on schedule 
during the next quarter. 
TASK I: DEVELOPMENT OF COATING TECHNIQUES 
A sputtering facility consisting of a D.C. magnetron head, vacuum 
chamber, sputtering gas flow, mixing and composition control 
system has been designed, built and tested. This facility allows 
high rate sputtering of metal targets and reactive sputtering of 
metals in an argon-environment to produce hard compound coating. 
Through a series of trial runs, the optimal sputtering conditions 
for metal sputtering and hard compound sputtering have been iden-
tified. In the present system magnetron sputtering (magnetic field 
assisted sputtering) can be carried out at pressures as low as 0.5 
pm of Hg. This pressure is two orders of magnitude lower than 
conventional sputtering and allows the production of well-adherent 
coatings (coating adhesion is vital to tribological coatings). Low 
pressure sputter coating also minimizes the occlusion of sputtering 
gas (argon). Dense coatings are produced. 
Argon and nitrogen flow rates necessary for the reproducible 
deposition of titanium nitride have been identified. Golden yellow, 
stoichiometric titanium nitride coating are now being produced 
routinely. 
To assess the utility of hard coatings (TiN) in non-ferrous automotive 
castings such as pistons, test blocks of aluminum, magnesium and 
titanium alloys have been sputter coated with titanium nitride. 
Sliding contact wear tests (LFW-1) have been carried out and wear 
coefficients determined. The results obtained are summarized in a 
paper to be presented in July 1981 in Brussels [IPAT 81 International 
Conference sponsored by the European Physical Society, Metals Society 
(London) and the Welding Institute (London)]. The paper has been 
accepted for publication in a forthcoming issue of Thin Solid Films. 
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Briefly, the test results obtained show that well-adherent thin 
coats (5 pm or less in thickness) offered excellent wear protection 
to non-ferrous alloys. At each hertzian contact stress level, full 
wear protection is obtained only above a film thickness threshold 
of the order of 1.5 to 2 gm. Wear resistance is improved by several 
orders of magnitude (wear coefficients measured are tabulated in the 
paper). A copy of the paper is attached to this progress report. 
The LFW-1 wear tests are low speed tests. To carry out medium and 
higher speed sliding tests (conditions comparable to those experienced 
by piston skirts), LFW-6 test specimens are being fabricated. These 
tests are due to be carried out in the next program period. 
While hard coat adhesion is easily obtained with non-ferrous materials, 
significant problems are encountered in producing well-adherent 
coatings on hardened steels (valve train components are hardened irons 
and steels). Chemical surface treatments (prior to sputter coating) 
have been found to overcome the adhesion problems. Early tests in 
rolling hertzian contact tests at up to 150 ksi have been successful. 
A summary of test results (LFW-6 tests) will become available at the 
end of the next program period. 
Techniques for DC sputtering of dichalcogenide soft coats have been 
developed. Soft coats have been found to have a limited life. 
Coating adhesion problems that do not appear to be surmountable by 
chemical surface conditioning are encountered. Radio frequency 
magnetron sputtering is essential. Authority to procure an RF power 
supply is being sought from the DOT program monitor.(Budget contains 
provision for this equipment and funds have been approved. According 
to DOT contract, authorization is necessary for equipment procurement.) 
It is expected that well-adherent soft coats can be produced on ferrous 
and non-ferrous test bodies by RF sputtering. 
A torsion and a bend test have been conceived for the reliable 
measurement of coating to substrate bond strength. This test scheme 
does not have the ambiguities of the peel or scratch tests. Test 
results obtained will be summarized in the report for the next program 
period. 
SUMMARY 
Hard coat techniques for the protection of ferrous and non-ferrous automo-
tive and other alloys have been developed. Though satisfactory soft 
coats can be produced for friction control, coating-to-substrate 
adhesion problems (as expected) are being encountered. Authority is 
hence sought to procure an RF power supply for which funding has been 
approved on this DOT contract. 
DOT PROGRESS REPORT 
January - March 1981 
Page 3 
TASK III: SHEAR RHEOLOGI CAL CHARACTERIZATION 
OF LIQUID LUBRICANT (MOTOR OILS) 
The engine oil rheology program's first major task has been nearly 
completed. That task was the measurement of the viscosity of 13 
commercial engine oils vs. a function of temperature (40, 100, 150C) 
and pressure (1 atm to 600 MPa) at low shear stress (ts"-: 60 Pa). 
Measurements on 11 of the 13 oils are conylete and the remaining 
two are underway. The data of viscosity and pressure viscosity 
coefficients have all been reduced and the interpretation of the 
significance of these data is underway. 
The responses to the producer inquiry as to generic composition of 
the oils have been received from six of the eight oil producers. 
Followups are underway on the remaining two. 
The measurement of traction/friction behavior of the 13 engine oils 
has begun and will continue through the next two quarters. These 
measurements are made in a unique tribotester that permits a wide 
range of load, speeds (rolling and sliding) and temperature be 
imposed on the lubricant. These conditions will simulate the 
behavior various engine components so that the energy dissipation 
of the lubricant in the engine can be assessed. Film thickness 
measurements are also being made in the same device which permit 
the estimation of the high shear rate viscosity of the lubricant. 
Thin S■ tlid Filar . 
METALLURGICAL AND PROTECTIVE COATINGS 
MAGNETRON SPUTTERING OF NON-FERROUS AEROSPACE ALLOYS 
FOR WEAR PROTECTION* 
S. RANIALINGANI. SHINIAZAKI AND W. 0. WINER 
School Met-harm-al Engineering, . Georgia ',wittily ul Tv( hnulog1 	 GA 311332 t .S..4. 
The light-weight non-ferrous alloys (titanium. aluminum and magnesium 
alloys) used in aerospace applications are prone to severe wear in small-
displacement and large-displacement unlubricated contacts. Few metallurgical 
means are available for the surface protection of this class of materials. Deposition of 
hard compounds by sputtering provides a simple means of protecting such surfaces. 
Hard coating and tribological studies of coated samples were therefore carried out. 
The results obtained are presented in this paper. It is shown that magnetron-
sputtered TiN hard coatings do provide the required wear protection. 
1. INTRODUCTION 
Non-ferrous alloys of aluminum, magnesium and titanium are light-weight 
materials. Further. the precipitation-hardenable alloys of aluminum and titanium 
possess high strength-to-weight ratios. They also exhibit excellent fracture 
toughnesses. These characteristics have led to the wide use of aluminum. titanium 
and magnesium alloys in aerospace applications. 
These non-ferrous alloys are soft. In their bare form, in sliding contact without 
lubrication, the light-weight alloys are prone to severe adhesive and abrasive wear. 
Scuffing and galling occur readily. Surface protection through surface treatments is 
essential if these alloys are to be used efficiently in applications where boundary-
lubricated or unlubricated contact with a counterface is unavoidable. Protection is 
also necessary in fretting environments. 
Metallurgy of these alloys. however. does not allow the use of routine surface 
treatments that are common for iron and steel alloys (surface and case-hardening 
treatments). Treatments involving high temperatures are also not possible for 
aluminum and magnesium alloys since they melt at moderate temperatures. 
Precipitation hardening. commonly used to improve the yield strength and fraction 
toughness. also involves treatment temperatures only some 100-200 C above room 
temperature. Surface treatments involving elevated temperatures are therefore not 
suitable for improving the friction and wear properties of non-ferrous alloys. 
• Paper presented at the 3rd International Conference on Ion and Plasma Assisted Techniques. 
Amsterdam. The Netherlands. June 30-July 2. 1981. 
0040-6090 81.0000-0000 502.50 	 t Ekes ter Sequoia Printed in The Netherlands 
S. RAMALINGAI4, Y. SHIMAZAKI, W. 0. WINER 
The tribological properties. however, can be improved greatly by replacing the 
surface layers of these alloys with other materials. Conversion coatings and 
anodization are examples. Deposition of thin coatings is yet another way of altering 
surface properties. A wide range of materials can be deposited without the 
limitations inherent in conversion coatings and anodization. Deposition of thin 
coatings at room temperature or low temperatures will preserve the strength and 
fracture properties and at the same time will provide much better friction and wear 
properties. 
Earlier studies' carried out on 6061 aluminum alloys have demonstrated that 
thin hard coatings of TiN are useful for improving the wear properties of light-
weight alloys. The present study was undertaken to assess whether the same hard 
coating techniques are also useful for improving the wear resistances of other 
aluminum alloys as well as those magnesium and titanium alloys. 
2. RATIONALE FOR THE CHOICE OE COATING PROCESS AND COATING MATERIAL 
Reactive magnetron-sputtered coatings of TiN have been used to protect the 
non-ferrous alloy surfaces'. The process and material selection were based on the 
considerations outlined below. 
Soft coatings of metals such as lead have been used' to overcome the friction 
and wear problems encountered with non-ferrous alloys. Soft films. however, wear 
gradually and the protection is eventually lost. The endurance life of soft films is a 
function of the operating environments' but is finite. However. this is not the case 
with hard coatings. 
In a sliding contact between a soft base material of hardness H, and a harder 
counterface of hardness H c . the rate of wear of the soft material depends on the 
hardness ratio H, H,. Unlubricated wear tests by Kruschov 4 have shown that very 
rapid wear of the soft base material occurs when the H, H, ratio is of the order of 1.5 
and above. Wear is light when the ratio is of the order of 0.72-1.15. Similar results 
have been reported by Richardson': this has led Hailing' to suggest that an lic/H, 
ratio of 0.4 is essential to make the wear rate of the soft substrate negligible. This 
implies that a hard coating with a hardness some 2.5 times that of the counterface 
will yield wear protection to the base material (the substrate). Wear is now restricted 
to the hard counterface. Since the coating "will not wear -, thick coatings are not 
necessary. 
If the counterface is a steel. since the maximum counterface hardness in 
engineering use commonly lies in the Vickers hardness range 600-800 kgf mm (for 
the hardened steel counterfacel. coatings with Vickers hardnesses of 1500-2000 kgf 
mm -2 are sufficient for the total wear protection of non-ferrous substrates. Hard 
compounds of refractory metals (WC. TiC, TiN etc.) meet these requirements. The 
hard coatings promise indefinite wear life. An adequate coating hardness is a 
necessary condition. 
Hard coatings are not usually used with soft substrates since differential strains 
at the coating-substrate interface can cause film failure_ To offset this risk. when 
hard layers are used on softer substrates for wear protection. they are generally thick 
(of the order of 1 mm or more when case hardening, plasma spraying etc. are used) 
provided that hard coatings can be deposited without geometric defects. This is not a 
MAGNETRON SPUTTERING OF NON-FERROUS ALLOYS 
theoretical requirement. The thin hard coating can be treated as a Griffith solid. 
High fracture stresses and fracture (tensile) strains must then be expected. The thin 
coating may be treated as a compliant coating. Ideally. the coating should have the 
same elastic properties as the substrate, but this is impossible. When the coating is 
well bonded. the violation of this requirement is not very serious. As close a match as 
possible is desirable. Thin hard coatings satisfactorily bonded to the substrate thus 
meet most of the requirements necessary and sufficient to provide wear protection. 
The use of thin hard coatings precludes large temperature gradients across 
them and limits the propensity of the coating to debond. The other characteristic of 
importance here is the product Ex where E is Young's modulus and x is the 
coefficient of thermal expansion. Thin coatings of hard metal compounds with small 
Ex products are thus preferred for the wear protection of non-ferrous alloys. 
Nearly all the hard compounds of refractory metals (WC. W,C. TiC. TiN. HfC. 
HfN. ZrC etc.( meet the hardness requirements. The product Ex considerations 
favor titanium. hafnium and zirconium compounds. in that order. The final choice 
among these will have to be based on factors related to the choice of deposition 
process and the ease of coating deposition. 
The substrate temperature permissible during hard coating restricts the 
allowable coating processes. Plasma-assisted coating is essential to obtain the 
required coating-to-substrate bond strength. Vacuum sputtering processes are the 
candidates. R.f. and d.c. sputtering can meet the requirements. Ion plating cannot be 
used because of the uncontrolled temperature rise and the possibility of gas (argon) 
occlusion during film deposition. Reactive ion plating also requires close control of 
the ion-plating atmosphere to produce the required stoichiometry. 
The film thickness required lies in the range 1-10 um 1 • The coating rates 
feasible with r.f. and conventional d.c. sputtering are low. Magnetron sputtering is 
preferred. this process also permits reactive sputtering with inexpensive metallic 
targets. The availability of titanium and zirconium in plate and sheet form makes 
titanium and zirconium compounds the prime hard coating candidates. Titanium is 
a better -getter- than zirconium and is preferred for sputter coating in a cleaner 
vacuum. 
In the reactive sputtering of titanium to produce TiC and TiN. the use of Ar-
hydrocarbon and Ar-N, environments is essential. Nitrogen is a more reactive gas 
in the plasma environment. Concurrent synthesis and deposition of TiN are fairly 
easy I • 8 . The use of N 2 also avoids the risk of hydride formation. Well-bonded 
coatings are routinely produced by reactive magnetron sputtering' 9 . Thin hard 
coatings of TiN were therefore selected and deposited with magnetron sputtering in 
this study to assess the ability of TiN to protect aluminum. magnesium and titanium 
alloys from wear. 
3. EXPERIMENTAL MATERIALS AND METHODS 
Test samples 10.16 mm x 15.75 mm x 6.35 mm suitable for friction and wear 
measurements in a Faville-LeVally Alpha model LFW-1 wear tester were machined 
from rolled plates of 2024-T351 aluminum and Ti-6A1-4V. M,agnesium samples 
were machined from magnesium alloy castings (Mg-4.25Zn-1.25rare earths-0.5Zr). 
Surfaces to be coated were prepared by wet grinding in a metallographic polishing 
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unit. Fresh 600 grit SiC was used to produce a standard initial surface roughness in 
all test samples. The wet ground samples were repeatedly washed in distilled water 
and acetone and were then dried with a blast of N 2 . Cleaned specimens were placed 
in the sputter-coating chamber with minimal delay. 
The TiN coating was deposited by operating a d.c. magnetron coating system in 
the reactive sputtering mode. An Ar-N, atmosphere was used. The hard coatings 
were  deposited at an operating pressure of 0.09-0.15 Pa. By ‘arying the deposition 
time (coating rate. 120 nm min - ). films ranging in thickness between 1 and 4.5 pm 
were produced. The system used is the same as that used in an earlier work l • 9 . To 
obtain the required coating-to-substrate bond strength. the test samples were 
sputter cleaned initially at a pressure of 2.7 Pa for 5 min. A movable shutter was used 
to prevent target contamination during sputter cleaning. The reactive sputtering 
conditions (operating voltage, cathode current density, gas mixture composition. 
flow rate etc.) used in the present work were identical with those reported earlier'. 
Using these conditions. hard coatings lof Vickers hardness 1900 k 2f mm -2 ) are 
routinely produced. The golden-yellow films produced exhibit lattice parameters 
within 1"„- 2 of the theoretical value. From lattice parameter and X-ray diffraction 
studies the films were judged to he stoichiometric or nearly so. For stoichiometr 
measurements. Rutherford backscattering studies are preferred and are in progress. 
4. F ■ ALLATION OF FRICTION AND WEAR CHARACTERISTICS 
Friction and wear studies were conducted on a Faville-LaVall) Alpha model 
LFW-1 test machine using procedures given in the ASTM Standard". All tests were 
carried out at a sliding speed of 0.13 m s An unformulated paraffinic mineral oil of 
viscosity 26 mm' s -1 at room temperature was used in the tests. Test rings hardened 
to a Rockwell C hardness of 61-63 with a surface finish of 0.4 pm 1 r.m.s.) were used. A 
typical test sliding distance for hard-coated specimens was 550 m. Tests on uncoated 
samples were terminated when the volume of wear was excessive. Figure 1 shows the 
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Fig_ 1. Surface profiles of wear scars for la) TiN-coated magnesium (upper profile) for a sliding distance of 
550 m and uncoated magnesium (lower profile) for a sliding distance of 231 m (load, 23.3 kN m and 
OD) TiN-coated titanium (upper profile) for a sliding distance of 550 m and uncoated titanium (lower 
profile) for a sliding distance of 2 m (load. kN m 
2-F 3 
Tests on aluminum. titanium and magnesium alloys were carried out at 
maximum initial hertzian pressures (block-on-ring test geometry; nominal line 
contact) equal to 0.62 of the calculated yield strength. Yield strengths were 
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calculated by measuring the indentation hardness and using the well-known 
relation 
yield strength = 3 x indentation hardness 
Calculations and friction and wear observations show that the elastohvdrodynamic 
lubrication load-carrying component of the lubricant film was insignificant. New 
test rings and fresh oil were used in each test. Test conditions used with the three 
hard contact substrate materials are shown in Tables I and II. 
TABLE I 
WEAR TEST CONDITIONS AND RESULTS ON 2024-T351 ALUMINUM TEST SPECIMENS 
ra Met Cr Uncoated TiN coated 
I pm 3.6 pm 4.5 pm 
Load ik N m - ' i 
Hertzian pressure (MN m 	21 






Coefficient of friction' 0.16. 0.18 0.15. 0.16 0.19. 0.16 0.18.0.16 
Block mass loss imgi 30 14.9 0.08 0.04 
Ring mass loss " (mg) -0.44 0.89 1.84 2.52 
Block wear coefficient ' k ( s 10'1 102 10 	: 1.56 0.73 
Ring wear coefficient k I x 10"i -.. 	10' 3.57 7.38 10.1 
Sliding distanceirm 330 550 530 550 
The coefficient of friction values quoted are the time-averaged values for the beginning and end of the 
tests. 
A negative loss indicates that the ring gained mass. 
• For coated specimens a Vickers hardness of 2200 kg mm = for TiN was used 
TABLE II 
wi,vit TES1 C ONI)11 IONS 4 ND REM LTS ON CAST MAONLSIL M ALL()) (OF COMPOSITION Mg 4.25Zn 1.25 
RARE EARTHS -0.5Zr) 
Parameter L ?wowed Uncoated TiN 13.6 pint 
routed 
Ti.` 13.6 pm 
coaled 
Load (kN m 	I I 23.3 43.3 23.3 43.3 
Hertz pressure (MN m 	2 1 133.8 182.0 133.8 182.0 
Coefficient of friction' 0.21. 0.20 0.20. 0.17 0.24.0.20 0.27. 0.18 
Block weight loss (mg) 7.52 11.15 -0.01 1.18 
Ring weight loss h (mg) -0.36 0.00 0.60 1.46 
Block wear coefficient ' k I x 10'1 71.4 56.0 2.48 
Ring wear coefficient k( x 10'1 6.5 15.8 
Sliding distance Im) 231 231 550 550 
`See Table 1 . 
5. TEST RESULTS AND DISCUSSION 
Friction and wear test data are presented in Tables I-Ill for the coated and 
uncoated test samples. As mentioned earlier, three different film thicknesses were 
used for the aluminum alloy subsfilates. In addition to the standard maximum 
hertzian pressure (which is equal to 0.62 of the yield strength) normally used. a 
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second set of tests were carried out at a hertzian pressure of 0.85 of the yield strength 
for the cast magnesium alloys (Table 111. 
TABLE 111 
F AR TFST CON DI T IONS AND RI-S1 ITS Ti 6A1 4V 
ParaMt'ler L n oat Ti \* I:Z.6 /on 	( ',aro/ 
Load ikN m '83.1 '83.3 
Hertzian pressure ‘MN m 	= 1 650.2 650' 
Coefficient of friction' 0.15.0.13 
Block mass lossimgi 5.15 —0.12 
Ring mass loss 	ungi 0.43 1.61 
Block wear coefficient 	A 1 x 1000 
Ring year coefficient A t x 1150 1.44 
Sliding distance (nu 55(1 
See Table 1. 
The test results presented shots that TiN coatings not less than 3.6 pm thick 
reduce the wear rate of 2024 aluminum alloy s by approximately two orders of 
magnitude. The wear protection afforded to titanium is more spectacular. Titanium 
is known to gall and wear severe!) in sliding contact. The mass loss in the bare 
titanium alloy test in only 2 m of sliding is 5.15 g whereas the mass loss of TiN-
protected sample is negaril e. i.e. wear debris is transferred to the counterface. The 
reduction in the wear coefficient is more than three orders of magnitude when a thin 
3.6 pm TiN hard coating is used to protect titanium alloys. 
For the cast magnesium alloy. the 3.6 pm thick hard coating is sufficient to 
obtain wear resistance at maximum contact stresses equal to 0.62 of the yield 
strength. The higher contact stress tests indicate a gain in wear resistance. but not 
total wear protection. Apparently a thicker hard coating is essential. This 
observation is similar to that with a thin coating (1 pm) on aluminum. 
6. SUMMARIZING REMARKS AND CONCLUSIONS 
Light-weight non-ferrous alloys commonly used in aerospace applications are 
prone to severe wear in sliding contact. Theoretical considerations suggest that 
improvements in wear resistance are possible with thin hard coatings. Magnetron-
sputtered hard coatings of TiN may provide the required wear resistance. 
Sliding wear tests carried out with hard coatings 1 -4.5 pm thick show that TiN 
films 3.6 pm thick are sufficient to reduce the wear rate to negligibly small levels 
provided that the contact stress does not exceed 0.62 of the yield strength. 
All three alloys of interest in aerospace applications can be protected with TiN 
hard coatings. The rationale for the use of hard coatings to improve the wear 
resistance of soft materials. outlined in Section 2, is confirmed. 
The absence of debonding demonstrates that well-bonded TiN hard coatings 
can be produced by reactive magnetron sputtering. Coefficient of friction 
measurements show that coating-to-substrate shear strengths in excess of 27 MPa. 
48 MPa and 95 MPa can be produced in magnesium. aluminum and titanium 
substrates respectively. Commonly. the contact stress under boundary-lubricated 
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sliding contact conditions rarely exceeds 20 MPa. The bond strength required is 
obtained easily. 
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SUMMARY 
This draft phase report summarizes the accomplishments in 
the first ten months of the first phase of the program entitled: 
"Fundamental Studies in Tribology as Related to Automotive Fuel 
Econorrty". 
Work schedule for the first phase requires under Task I: 
(a) development of coating techniques, (b) preliminary coating 
trials, and (c) screening for tribological behavior. Under Task 
II the schedule calls for high pressure shear rheological studies 
of motor oils. Theoretical work on mechanics of thin film function 
and wear of automotive tribosystems are called for in Task III. 
In the following pages of the draft phase report, the work 
accomplished in Tasks I and II are summarized. Coating system and 
technology have been developed. Coating trials are underway. Non-
ferrous and ferrous materials of interest for automotive applica-
tion have been coated successfully. Shear rheological and traction 
studies have been carried out on motor oils. This phase report is 
a concise summary and will serve as the basis for a detailed Phase 
Report due on 31 July 1981. It will, in addition, contain results 
obtained in the program period June and July 1981. 
S. 	ngam 	 finer 
Principal Investigator 	 Principal Investigator 
10 June 1981 
TASK I: DEVELOPMENT OF COATING TECHNIQUES 
A sputtering facility for high rate deposition of metals and 
hard compounds has been developed and tested. It has been used to 
deposit thin layers of hard and soft compounds to modify friction 
and wear characteristics of tribological pairs. Friction and wear 
tests have been carried out on coated ferrous and non-ferrous test 
samples. 
The coating process developed to modify the friction and wear 
characteristics of tribological pairs and the tribological test 
results obtained are presented in the following sections of this part 
of the progress report. 
a. Coating System  
The coating system developed consists of four principal sub-
systems. It is designed to facilitiate metallic coating at high rates 
(magnetron sputtering) as well as coating of hard material compounds 
such as TiN. The latter requires reactive sputtering. Suitable 
provisions have therefore been made for atmosphere control. 
The principal sub-systems developed are: 
a) a vacuum plant 
b) a high rate sputtering head 
c) a sputtering atmosphere control system, and 
d) a power supply. 
The vacuum plant developed consists, basically of a CVC 14" vacuum 
system suitably modified for the present needs. A vacuum chamber 
defined by a'12 inch diameter x 12 inch high Pyrex cylinder, a top 
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plate and a base plate is used. The vacuum chamber can be evacuated 
to pressures less than 10 -5  torr with a four inch diffusion pump and 
a 5.6 CFM Mechanical pump. The system is equipped with a four inch 
gate valve and two roughing valves for vacuum sequencing and to 
control ambient pressure during sputtering, The system is equipped 
with a bleed valve to bring the vacuum chamber to atmospheric pressure 
for specimen loading and unloading. 
The top plate of the vacuum chamber carries the sputtering 
head and is electrically insulated from it with the insulator ring. 
It also carries a sputtering pressure monitoring gage, a shutter 
control, and a gas inlet. The base plate of the system contains a 
number of electrical and instrumentaton feed-throughs. 
The specimens to be coated are carried on a platform connected 
to a high voltage feed-through to facilitate specimen cleaning by 
sputtering. A ground shield serves to limit the plasma generated 
during sputter cleaning from acting on the back streaming molecules. 
A shutter serves to shield the coating target from the contaminating 
species during the cleaning. 
The sputtering head developed is a cylindrical structure with 
four ALNICO ring magnets and a HICOREX magnet. The ring magnets, the 
pole pieces and the HICOREX magnet define a circularly symmetric magnetic 
field needed for high rate magnetron sputtering. The magnet assembly 
is positioned on the atmospheric side of the cathode carrier while 
the metallurgically bonded coating target is carried on the vacuum side. 
The magnet assembly and the cathode carrier are mounted on a cathode 
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ring and enclosed in a water-cooled casing. 
Water introduced through a 1/4 inch steel tube is routed through 
the pole piece to cool the rear surface of the cathode carrier. Follow-
ing circulation, water is drained through an opening in the PVC case. 
Water cooling and metallurgical bonding of the target are essential to 
remove the large power dissipated (up to 1.8 kW) at the cathode surface 
during high rate sputtering. 
An appropriately configured anode is positioned close to the 
cathode. The anode geometry and the position with respect to the 
cathode have been empirically optimized. The close coupling between the 
magnetic field B and the electric field 17,, is the key factor in permitting 
successful reactive sputtering to produce golden yellow TiN at high 
deposition rates. 
Consistent and reproducible reactive sputtering of hard compounds 
requires higher sputtering voltages than those available in commercial 
magnetron sputtering systems. Therefore a new system had to be designed, 
built and tested to meet the needs of tribological coatings. 
The two-inch sputtering head developed is a key component of 
the sputtering system. This newly designed system has been tested at a 
total cathode current of over two ampheres. Coating at 900 volts with 
a cathode current of two ampheres represents a 1.8 kW sputtering system. 
Under typical sputtering pressures of 0.5 to 1.5 millitorr, power dis, 
sipation density at the cathode surface is then 90 watts per 
ant  (which 
is among the highest attained anywhere). The cathode current density 
in this magnetic field - assisted system is three orders of magnitude 
(1000 times) higher than that in conventional DC sputtering systems. 
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The operating voltage of 300 to 1000 volts, is also much lower than the 
2.5 to 10 kV typical in conventional sputtering systems. High sputter 
coating rates are hence obtained. 
The sputtering atmosphere control system developed requires 
flexibility. In the present instance, two types of gaseous atmospheres 
are necessary: (a) a low pressure argon environment for high rate 
sputtering of metals and alloys, and (b) a low pressure argon-nitrogen 
environment to synthesize and deposit hard compounds (reactive sputter-
ing). The integrated gas control system - developed meets both these needs. 
The gases dispensed from the tanks at pressures of 5 psia are 
dried in molecular sieve drying columns and metered through needle 
valves into an oxygen trap. The dry gases mixed in the trap emerge 
oxygen-free and are admitted into the vacuum chamber through a gas inlet. 
Typically, the argon flow rate is 5 SCCM during glow discharge 
cleaning. During sputter coating, the total gas flow rate through the 
system is about 4 SCCM, or as needed. In course of reactive sputtering, 
the argon flow rate is 2 SCCM, while the nitrogen flow rate is 2.5 SCCM 
(Values found empirically to yield golden yellow, TiN films). To 
obtain these specific flow rates, two needle valves are used. Two 
separate mass flow rate meters are used to control the sputtering atmos-
phere. 
Two power supplies are used in conjunction with the sputtering 
system. The first one, a CVC Model LC-301, is a high reactance, variable 
voltage DC supply rated at 300 ma (continuous duty) at 5 kV (maximum 
voltage). The second one is a high current (2.5 amp) low voltage 
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(1000 V max) power supply, Hippotronics MODEL 801-2500, equipped with 
a high speed shut-off to protect the solid state rectifiers in the 
system. 
The CVC power supply is typical of that in commercial use for 
conventional DC sputtering. It was used in this program solely for 
glow discharge cleaning prior to coating. 
The main supply in commercial high rate deposition systems are 
also high reactance power supplies (usually limited to 800 volts). 
High reactance is considered to be essential for the protection of the 
supply system during arcing transients and sputter target flaking 
during high rate sputtering. When high reactance transformers are not 
a part of the power supply, a saturable core reactor is used to limit 
the cathode current during various instabilities. 
Instead of these usually high cost power supplies, an off-the-
shelf power supply (Hippotronics Model 8100-2500) was used in this 
program. To obtain system stability, a low resistance, high current 
inductor connected in series with the sputtering head was used. The 
30-ohm, 1.25 amp. inductors used (5H) are fully able to suppress all 
but the most severe arcing transients. System could be operated 
routinely, once stability is attained, for longer than one hour at 
a time, fully unattended. 
b. Coating Practice  
In a typical sputtering run, the components to be coated are 
washed with water and detergent followed by ultrasonic cleaning in 
acetone. They are withdrawn from the acetone bath, dried with a blast 
■ 
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of nitrogen and placed on the specimen carrier plate of the sputtering 
Chamber. Once the substrates (specimens) to be coated are placed in 
the vacuum chamber, the chamber is rough-pumped to a pressure between 50 
and 100 millitorr. Roughing valve is then closed and dry nitrogen 
admitted into the vacuum chamber to a pressure to 5 torr. The vacuum 
chamber is pumped again to better than 100 millitorr. It is back 
filled with dry argon to 5 torr and evacuated again to a residual 
pressure of 50 millitorr. 
On reaching 50 millitorr, the diffusion pump is used to 
evacuate the system to its limiting pressure (approximately 10 6 torr). 
This pumping sequence is followed to desorb as much of the contaminating 
vapor species (mostly water vapor) as is possible. 
After approximately five minutes at limiting pressure, argon 
gas is admitted into the system and the gate valve is adusted to obtain 
a steady chamber pressure of 20 millitorr. A negative potential 
between 2 and 2.5 kV is applied to the substrate and the substrate is 
glow-discharge cleaned. Glow discharge cleaning is carried out for 
15 minutes. Power dissipation during glow discharge cleaning (100 to 
125 watts) is sufficiently low to preclude large temperature rise 
during cleaning (heating up to 100 to 150C is desirable to desorb 
water vapor from surfaces to be coated). 
Following glow discharge cleaning, argon flow is reduced to 2 
SCCM and the high vacuum valve is readjusted to maintain the chamber 
pressure at 2 to 5 millitorr. With the shutter still in position, 
a negative potential is applied to the sputtering cathode (with the 
speciment at ground potential) and the voltage raised until a stable, 
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low current magnetron discharge is initiated. The pressure is then 
dropped to between 1 and 2 millitorr and cathode current raised to 
between 500 and 600 ma. 
As the contaminant gases are sputtered away from the target, 
the initial pink-violet discharge changes color to an intense blue. 
Once the intense blue is obtained (due to titanium sputtering), the 
shutter is rotated out of position and titanium deposited on the 
substrate for up to two minutes (maximum cathode current during this 
phase is 1000 ma). Nitrogen gas is then admitted into the system 
(flow rate of 2.5 SCCM) and high vacuum valve readjusted to maintain 
the pressure between 0.5 and 1.2 millitorr. 
On the admission of nitrogen, due to its inefficient sputter-
ing, system current drops by approximately 55%. Sputtering pressure 
and voltage are then adjusted to raise the system current to 1000 ma. 
Under these conditions, Titanium is sputtered off the target at a rate 
greater than that possible for nitrogen to condense on its surface. 
TiN synthesis in the vapor phase ensues to yield golden-yellow nitride. 
If golden-yellow TiN is essential it is absolutely necessary 
to operate the system at high cathode currents, low pressures and high 
voltages. In the course of this program, it has been found that the 
best TiN films are produced with the present system at the following 
operating conditions. 
System voltage 	925 to 950 V 
Cathode current 	1000 to 1200 ma 
System Pressure 	1.75 to 2.25 millitorr 
Substrate-Cathode Distance 
Argon flow rate 
Nitrogen flow rate 
Magnetic Field strength on 
the cathode surface 
(other pole) 
Cathode diameter 




5 on (nominal 2 inches) 
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Typically a coating run is for 30 to 60 minutes. Following the coating, 
nitrogen flow is cut-off and the system left in place to 'cool down' 
for 30 minutes. After shutting argon flow and isolating the vacuum 
Chamber from the pumping system, air is bled into the system and top 
plate removed to take the coated specimens out of the coating system. 
Principal heating during coating is due to the condensation of 
the TiN on the substrate surface. There is some secondary heating due 
to 'electron leak' from the vicinity of the central pole piece. Measure-
ment of specimen surface temperature immediately following the cessation 
of coating shows that surface temperatures do not exceed 375F. 
c. Coating System Operating Characteristics 
While metallic coatings are easily produced at a variety of coating 
conditions, coatings of hard compounds (with specific stoichiometry) 
require particular combinations of operating voltages, coating pressures 
and atmospheres. These factors were recognized during system design. 
System developed hence permitted desired hard coatings to be deposited 
routinely. Typical operating conditions necessary to produce needed 
wear-resistant coatings are shown in the previous section. 
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As expected from plasma coating theory, coating rate increased 
with decreasing coating pressures. Coating rate also increased with 
sputtering power. Some typical experimental results obtained are shown 
in Figure I.C.l. 
In magnetron sputtering, the coating flux is obtained from a 
planar, extended, non-homogeneous source. Thickness of the coating 
produced is a function of axial and radial distance from the center of 
the cathode. To assess coating uniformity, test samples were coated 
at various radial locations (axial distance was maintained constant), 
and thickness produced measured. The results obtained are shown in 
Figure I.C.2. 
A theoretical model has been developed to predict the expected 
coating thickness distribution. It was assumed that the strength of 
the source is proportional to the transverse field strength of the 
electron trap used in magnetron sputtering. The transverse field strength 
of the magnetic field used in the system was measured with a Hall probe 
assembly and used to calculate the expected coating thickness distribu-
tion. Measured values and expected values are in good agreement as may 
be seen from Figure I.C.2. Coating characteristics of magnetron sput-
tering systems are found to depend on magnetic field design (for electron 
trap). 
d.  Characterization of Wear-resistant Coatings  
Micro-hardness measurements and x-ray diffraction techniques 
were used to characterize coatings deposited. Micro-hardness measure-
ments on taper-sectioned test samples showed that coatings with 
















































Figurel.C.1 Coating Rate as Function 
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hardnesses greater than Hy 2000 are routinely produced by reactive 
sputtering of titanium (to produce TiN). Titanium nitride, a defect 
compound, can possess a range of stoiChiometries. Distinct colors 
are associated with specific ranges of stoichiometry, golden-yellow 
being that of the perfect compound. This was obtained routinely. 
Since in sputtering, non-equilibrium structures are usually 
produced and the films deposited are under stress, x-ray analysis is 
not an unambiguous indicator of film stoichiometry. Additional x-ray 
analysis problems are introduced by preferred texture in coatings. 
Despite these difficulties, x-ray analysis suggests that the films 
produced are titanium nitride compounds. Expected x-ray peaks and 
those observed are listed in Table I.D.1. The data obtained is 
taken to indicate TiN film deposition. Supporting evidence is 
provided by microhardness and color data. 
Films produced do possess substantial tensile residual stresses. 
By measuring the "bowing" of coated stainless steel foils, the residual 
stresses have been determined to be of the order of 200 x 10 3 psi (when 
coated on steel substrates). These large residual stresses can lead to 
adhesion problems in tribological applications. Hence tests are now 
in progress to lower the residual stresses. 
e. Tribological Evaluation of Coatings Produced  
To assess the utility of hard coatings (TiN) in non-ferrous 
automotive castings such as pistons, test blocks of aluminum, and 
magnesium alloys have been sputter coated with titanium nitride. 
Sliding contact wear tests (LFW-1) have been carried out and wear 
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Table I.D.l 
X-Ray Diffraction Peaks of TiN (ASTM Data) 
Reflection Plane 	 Spacing 
0 
h 	k 	R 	 d(A) 
Peak at* 
2e 
1 1 1 2.4480 36.68° 
2 0 0 2.1200 42.61° 
2 2 0 1.4991 61.84° 
3 1 1 1.2784 74.46° 
With Ni-filtered CuK a radiation. 











Computed values correspond to observed 2e values. 
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Table I.D.2. LFW-6 Test Results* 
TiN-Coated Samples: Measured Values of 1.1 







Steel (AISI 1214) 0.098 0.091 0.085 
Steel (AISI 1018) 0.146 0.103 0.096 
Cast Iron 0.112 0.099 0.099 
(As Received) 
*Test duration 30 minutes 
Test surface and the counter faces were TiN coated. Coatings survived 
all the tests. All tests were carried out with n-hexadecane. Fluid 
used is not a lubricant. 
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Specimen Film Thickness Cord Length Total Deflection 
h: (p in) 	2L: (in) 	f: (in) 
A 81 1.478 0.0995 
B 43 1.515 0.082 
Measured Deflection of Stainless Steel 
Shim Stock after Nitride Sputtering. 
Configuration of Stainless Steel Shim 
Stock after Nitride Sputtering. 
E 	(11 - y2 
 )(f 
a l 	3L2 707, 	
- 0.2076 x 106 psi 
1 + 	1 	1 1777E— 
1 
Young's modulus of TiN is 29x 10 6 psi. Thus, elastic 
strains of 0.2076/29 x 1007. are expected, c 0.71577.. 
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coefficients determined. The results obtained are summarized in a 
paper to be presented in July 1981 in Brussels [IPAT 81 International 
Conference sponsored by the European Physical Society, Metals Society 
(London) and the Welding Institute (London)]. The paper has been 
accepted for publication in a forthcoming issue of Thin Solid Films. 
Briefly, the test results obtained show that well-adherent thin 
coats (5 pm or less in thickness) offered excellent wear protection 
to non-ferrous alloys. At each hertzian contact stress level, full 
wear protection is obtained only above a film thickness threshold 
of the order of 1.5 to 2 dun. Wear resistance is improved by several 
orders of magnitude (wear coefficients measured are tabulated in the 
paper). A copy of the paper is attached to this progress report. 
The LFW-1 wear tests are low speed, high stress friction and 
wear tests. To assess, medium and high speed friction characteristics, 
LFW-6 test specimens (pure sliding) have been fabricated and coated. 
One cast iron and two types of annealed steels have been used to 
fabricate test samples. Coated and tested samples exhibit wear 
protection due to the hard coating. Friction test results are sum-
marized in Table I.C.I. The results obtained suggest that wear pro-
tection can be afforded to such automotive components as cam shafts, 
tappets, etc., made of cast iron (preliminary test results). Addi-
tional and more extensive test program is now under way and the results 
will be reported in the annual report. While hard coat adhesion is 
easily obtained with non-ferrous materials, significant problems are 
encountered.in producing well-adherent coatings on hardened steels 
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(valve train components are hardened irons and steels). Chemical 
surface treatments (prior to sputter coating) have been found to 
overcome the adhesion problems. Early tests in rolling hertzian 
contact tests at up to 150 ksi have been successful. A summary of 
test results (LFW-6 tests) will be reported in the final report of 
the first year's work of the present program. 
Techniques for DC sputtering of dichalcogenide soft coats 
have been developed. Soft coats have been found to have a limited 
life. Coating adhesion problems that do not appear to be surmountable 
by chemical surface conditioning are encountered. Radio frequency 
magnetron sputtering is essential. A RF power supply is presently 
on order. Additional work with soft coats awaits the delivery of 
the RF sputtering power supply. 
f. Work in Progress  
Tribological pairs found in automotive engines and transmission 
systems require substantial wear life. By hard and soft coating, wear 
life and wear-in characteristics can be improved to attain better 
economy. To preserve these characteristics, the coatings deposited 
must be well-bonded to the substrate. Retention of improved tribologi-
cal characteristics depends critically on coating-to-substrate bond 
strength. 
Quantitative bond strength tests are not available. 'Peel' 
tests subject coatings to plastic bonding. Measured quantities 
contain non-quantifiable contributions due to plastic bending of 
coating. Stress state in "scratch" tests is not determinable. Hence 
both these tests are not satisfactory as quantitative film-to-substrate 
bond strength tests. 
-rnk 	
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By coating substrates and monitoring the film during stressing, 
substrate stress at film debonding can be determined. Elastic displace-
ments in the substrate and coating will have to be the same just before 
film debonding. Equality of displacements at the coating-substrate 
interface and elastic modulii, then allow the interface shear strength 
T * to be determined. 
For tribological coatings to be successful, T* must exceed T the 
shear stress on the coating surface during frictional contact. The 
quantitiy T is given by (uan) where u is the friction coefficient and 
on is the normal stress. Thus a knowledge of T* and p allows, films 
failure normal stress n to be calculated. Design contact stress an 
cannot exceed a* to preclude film failure. 
Tensile and torsion test samples are being coated to determine 
the film bond strength T * . The results obtained will be reported in 
the annual report. 
The LFW-1 wear tests on TiN coated non-ferrous test samples 
show that bond shear strengths in excess of 27 and 48 MPa are obtained 
easily when magnesium and aluminum test samples are magnetron sputtered. 
In practice the normal stress in boundary lubricated sliding pairs does 
not exceed 15 MPa. Bond strengths obtained are thus sufficient to 
withstand friction coefficients 	1. Similar data is being gathered 
presently for coated bodies of cast iron and steel (soft and hard). 
Series of LFW-1 and LFW-6 tests are also in progress to deter-
mine the friction and wear characteristics of coated C.I and steel 
samples (soft and hard). 
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g. Summary  
Task I is directed at establishing viable coating techniques 
applicable to non-ferrous and ferrous automotive components (pistons, 
piston rings, cams, tappets, gear train and valve train components, 
etc.) in order to lower the frictional dissipations, enhance wear-in 
and to lower wear rates. Magnetron sputtering technique has been 
Chosen as a viable technology (This technology is now in use in 
G.M., and has been used by Borg-Warner for automotive and transmission 
applications). 
A coating system has been developed and tested. Friction and 
wear tests have been carried out on selected non-ferrous materials. 
It has been demonstrated that significant modifications in tribological 
properties are possible and are obtained without difficulty. Preliminary 
tests have been carried out on a cast iron and two steels (both in the 
annealed condition). 
Additional tribological studies and film-to-substrate bond 
strength studies are now in progress. Further development of soft coat 
techniques are also being pursued. 
1 
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METALLURGICAL AND PROTECTIVE COATINGS 
MAGNETRON SPUTTERING OF NON-FERROUS AEROSPACE ALLOYS 
FOR WEAR PROTECTION• 
S. RAMALINGAM. Y. SHINIAZAKI AND W. 0. WINER 
Srh unl u) .tlrr ham, a1 tawoh..crihe.6corn, Immittac of Techholoki, .4 //aura. 6.4 .3033: 	.S..4 
The light-weight non-ferrous alloys (titanium. aluminum and magnesium 
alloys) used in aerospace applications are prone to severe wear in small-
displacement and large-displacement unlubricated contacts Few metallurgical 
means are asailahle for the surface protection of this class of materials. Deposition of 
hard compounds b ∎ sputtering pros ides a simple means of protecting such surfaces. 
Hard coating and tribological studies of coated samples were therefore carried out. 
The results obtained are presented in this paper. It is shown that magnetron-
sputtered Ti\ hard coatings do pros ide the required wear protection 
I I \ TR(11)1 (110\ 
\ on-ferrous alloys of aluminum. magnesium and titanium are light-weight 
materials. Further. the precipitation-hardenable allies of aluminum and titanium 
possess high strength-to-w eig.ht ratios. The ∎ also exhibit excellent fracture 
toughnesses. These characteristics has e led to the wide use of aluminum. titanium 
and magnesium alloys in aerospace applications. 
These non-ferrous allo rn are soft. in their bare form. in sliding contact without 
lubrication, the light-weight alloys are prone to severe adhesive and abrasive wear. 
Scuffing and galling occur readily. Surface protection through surface treatments is 
essential if these alloys are to he used efficiently in applications where boundary-
lubricated or unlubricated contact with a counterface is unavoidable. Protection is 
also necessar ∎ in fretting environments. 
Metallurg ■ of these alloys. however. does not allow the use of routine surface 
treatments that are common for iron and steel alloys (surface and case-hardening 
treatments). Treatments involving high temperatures are also not possible for 
aluminum and magnesium alloys since they melt at moderate temperatures. 
Precipitation hardening. commonly used to improve the yield strength and fraction 
toughness, also ins olves treatment temperatures only some 100 200 C above room 
temperature. Surface treatments involving elevated temperatures are therefore not 
suitable for improving the friction and wear properties of non-ferrous alloys. 
• Paper presented at the 3rd International t onlerenee on Ion and Plasma Assisted Techniques. 
Amsterdam. The Netherlands. June 30 July 2. 1981. 
0040-1090 81 0000.($)(X) 502 `I , 	 Elsevier Sequoia Printed in The Netherlands 
20 
21 
S. RANIALINGANt. Y. SHINIAZAKI. W. O. WINER 
The tribological properties. however. can be improved greatly by replacing the 
surface layers of these alloys with other materials. Conversion coatings and 
anodization are examples. Deposition of thin coatings is yet another way of altering 
surface properties. A wide range of materials can be deposited without the 
limitations inherent in conversion coatings and anodization. Deposition of thin 
coatings at room temperature or lov, temperatures will preserve the strength and 
fracture properties and at the same time will provide much better friction and wear 
properties. 
Earlier studies' carried out on 6061 aluminum alloys hale demonstrated that 
thin hard coatings of TiN are useful for improving the wear properties of light-
weight alloys. The present studs' was undertaken to assess whether the same hard 
coating techniques are also useful for improving the wear resistances of other 
aluminum alloys as well as those magnesium and titanium alloys. 
2. RATIONALE FOR THI CHOICE OF COATING PROCESS AND COATING MAI -FRIA] 
Reactive magnetron-sputtered coatings of TiN [lase been used to protect the 
non-ferrous alloy surfaces'. The process and material selection 11 ere based on the 
considerations outlined below. 
Soft coatings of metals such as lead have been used to os creme the friction 
and wear problems encountered with non-ferrous alloys. Soft films. how es er. wear 
gradually and the protection is esentually lost. The endurance life of soft films is a 
function of the operating environments' but is finite. How eser. this is not the case 
with hard coatings. 
In a sliding contact between a soft base material of hardness H, and a harder 
counterface of hardness H. the rate of wear of the soft material depends on the 
hardness ratio H H,. Unlubricated wear tests hs K r usc h o v 4 have shown that sus 
rapid wear of the soft base material occurs w hen the H H, ratio is of the order of 1.5 
and abose. Wear is light when the ratio is of the order of 0.72-1.15. Similar results 
have been reported by Richardson': this has led Hailing" to suggest that an H, H, 
ratio of 0.4 is essential to make the wear rate of the soft substrate negligible. This 
implies that a hard coating with a hardness some 2.5 times that of the counterface 
will yield wear protection to the base material (the substrate!. Wear is now restricted 
to the hard counterface. Since the coating "will not wear - . thick coatings are not 
necessary. 
If the counterface is a steel. since the maximum counterface hardness in 
engineering use commonly lies in the Vickers hardness range 600-800 kgf mm = (for 
the hardened steel counterface I. coatings with Vickers hardnesses of 1500-2000 kgf 
mm are sufficient for the total wear protection of non-ferrous substrates. Hard 
compounds of refractor.. metals (WC, TiC. TiN etc.) meet these requirements. The 
hard coatings promise indefinite wear life. An adequate coating hardness is a 
necessary . condition. 
Hard coatings are not usually used with soft substrates since differential strains 
at the coating-substrate interface can cause film failure. To offset this risk. when 
hard layers are used on softer substrates for wear protection. they are generally thick 
(of the order of 1 mm or more when case hardening. plasma spraying etc. are used) 
provided that hard coatings can be deposited without geometric defects. This is not a 
MAGNETRON SPUTTERING OF NON-FERROUS ALLOYS 
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theoretical requirement. The thin hard coating can be treated as a Griffith solid. 
H igh fracture stresses and fracture (tensile) strains must then be expected. The thin 
coating may be treated as a compliant coating. Ideally. the coating should have the 
same elastic properties as the substrate. but this is impossible. When the coating is 
v. - ell bonded. the violation of this requirement is not very serious. As close a match as 
possible is desirable. Thin hard coatings satisfactorily bonded to the substrate thus 
meet most of the requirements necessary and sufficient to provide wear protection. 
The use of thin hard coatings precludes large temperature gradients across 
them and limits the propensity of the coating to dehond. The other characteristic of 
importance here is the product Ex where E is Young's modulus and 7 is the 
coefficient of thermal expansion. Thin coatings of hard metal compounds with small 
Ex products are thus preferred for the wear protection of non - ferrous alloys. 
Nearly all the hard compounds of refractory metals (WC. W,C. 
HfN. ZrC etc.l meet the hardness requirements. The product E2 considerations 
favor titanium, hafnium and zirconium compounds. in that order. The final choice 
among these will have to he based on factors related to the choice of deposition 
process and the ease of coating deposition. 
The substrate temperature permissible during hard coating restricts the 
allowable coating processes. Plasma-assisted coating is essential to obtain the 
required coating-to-substrate bond strength. Vacuum sputtering processes are the 
candidates. R.f. and d.c. sputtering can meet the requirements. Ion plating cannot he 
used because of the uncontrolled temperature rise and the possibility of gas (argon) 
occlusion during film deposition. Reactive ion plating also requires close control of 
the ion-plating atmosphere to produce the required stoichiometry. 
The film thickness required lies in the range I -10 pm • The coating rates 
feasible with r.f. and con\entiona] d.c. sputtering are low. Magnetron sputtering is 
preferred: this process also permits reactive sputtering with inexpensiy e metallic 
targets. The availability of titanium and zirconium in plate and sheet form makes 
titanium and zirconium compounds the prime hard coating candidates. Titanium is 
a better -getter than zirconium and is preferred for sputter coating in a cleaner 
vacuum. 
In the reactive sputtering of titanium to produce TiC and TiN. the use of Ar-
hy drocarbon and Ar N, ens ironments is essential. Nitrogen is a more reactive gas 
in the plasma ens ironment. Concurrent synthesis and deposition of TiN are fairly 
easN 1 '. The use of N, also avoids the risk of hydride formation. Well-bonded 
coatings are routinely produced by reactive magnetron sputtering' - `'. Thin hard 
coatings of TiN were therefore selected and deposited with magnetron sputtering in 
this study to assess the ability of TiN to protect aluminum, magnesium and titanium 
alloys from wear. 
3. EXPERIMENTAL MATERIALS AND METHODS 
Test samples 10.16 mm x 15.75 mm x 6.35 mm suitable for friction and wear 
measurements in a Faville-LeVally Alpha model LFW- 1 wear tester were machined 
from rolled plates of 2024-T351 aluminum and Ti-6A1-4V. Magnesium samples 
were machined from magnesium alloy castings tMg-4.25Zn-1.25rare earths-0.5Zr). 
Surfaces to be. coated were prepared by wet grinding in a metallographic polishing 
NI 
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calculated by measuring the indentation hardness and using the well-known 
relation 
yield strength 	x indentation hardness 
Calculations and friction and wear observations show that the elastohydrodynamic 
lubrication load-carrying component of the lubricant film was insignificant. Nev. 
test rings and fresh oil were used in each test. Test conditions used with the three 
hard contact substrate materials are shown in Tables I and 11. 
TABLET 
1AF AR TIsSI (()N11111(/`. 	\ I) PI SI 	I I \ 0\ 2024 - T351 AI l N41\1..011 S1 Si'l l INI AS 
Paruoteu'r 7 
1 pm 3.6 pm 4.5 mm 
Load (1,N m 	' 6Z0 63.0 63.0 
Hertzian pressure (MN in 	=1 25 7 .2 25 - .2 25 - • 25 - 2 
Coefficient of friction' 0 16. 0 I 11-■ (I 19_0 16 0 1F, 	Is 
Block ma:s loss trrqn 14 5 0. 0\ 0)14 
Ring mass loss" t mg - 044 s L; 1 84 2 5: 
Block \A car coefficient • k 102 I 56 ti 
Rine wear coefficient k 1 • 	Ity 3 ■ - 7 10 I 
Shdlne distance tmi 330 550 530 ;50 
The coefficient of friction %alues quoted are the time-averaged lalues for the beginning and end of the 
Les! , 
'A negatke los: indicates that the rine gained mass 
' For coated specimens a Vickers hardness of 22100 1.1.! mm = for 1I\ was used 
TABLE 11 	kveaA- ev1,0 h 4  cA4e*---C,1-/cd 
wt 	 ( l/s.1)1110\S \\DIOS' Is 	I \ I 	C. \ \IL %.1 511 01 (01 (0 \IP0S1110\ Mg 4 25Zn 1. 2 5 
SRI 	I SRTIIS 	57r0 
Parumcier 1,41ell ,1 T I\  
coated 
nil 	Tr.\ 	6 A"1 
soared 
Load IkN m " '1 23.3 43.3 23.3 43.3 
Hertz pressure IM N m 	= I 133.8 182.0 133.8 182.0 
Coefficientof friction" 0.21_ 0 20 0_20.0.17 024.020 0.27. 0.18 
Block l.l.40-1 I i-oSs 151SI 	'WI. 5S % 52 11.15 -0.01 1_18 
Ring v.eipiSiss " img1 - nro_s 5 -036 0.1R; 0.60 1_46 
Block %ear coefficient - /, I x 10'1 71.4 56.0 2.48 
Ring wear coefficient k ( x 10"1 6.5 15.8 
Sliding distance imi 1 31 231 550 550 
See Table 1. 
5. TEST RESULTS AND DISCUSSION 
Friction and wear test data are presented in Tables I-Ill for the coated and 
uncoated test samples. As mentioned earlier, three different film thicknesses were 
used for the aluminum alloy substrates. In addition to the standard maximum 
hertzian pressure (which is equal to 0.62 of the yield strength) normally used. a 
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unit. Fresh 600 grit SiC was used to produce a standard initial surface roughness in 
all test samples. The wet ground samples were repeatedly washed in distilled water 
and acetone and were then dried with a blast of N 2 . Cleaned specimens were placed 
in the sputter-coating chamber with minimal delay. 
The TIN coating was deposited by operating a d.c. magnetron coating system in 
the reactive sputtering mode. An ANN, atmosphere was used. The hard coatings 
were deposited at an operating pressure of 0.09-0.15 Pa. By varying the deposition 
time (coal ing rate. 120 nm min '1. films ranging in thickness between 1 and 4.5 pm 
were produced. The system used is the same as that used in an earlier work 1 '. To 
obtain the required coating-to-substrate bond strength, the test samples were 
sputter cleaned initially at a pressure of 2.7 Pa for 5 min. A movable shutter was used 
to prevent target contamination during sputter cleaning. The reactive sputtering 
conditions (operating voltage. cathode current density, gas mixture composition, 
flow rate etc. used in the present Rork were identical with those reported earlier'. 
Using these conditions. hard coatings (of Vickers hardness 1900 kgf mm 2 1 are 
routinely produced. The golden-yellow films produced exhibit lattice parameters 
within I 2"„ of the theoretical Nalue. From lattice parameter and X-ray diffraction 
studies the films were fudged to he stoichiometric or nearly so. For stoichiometr 
measurements. R utherford backscattering studies are preferred and are in progress. 
4. L\ Al t. ATIO\ ()I FRICTION ANI) XVLAR CHARACTERISTICS 
Friction and w ear studies were conducted on a FaN ille-LaVally Alpha model 
LFW-1 test machine using procedures gixen in the ASTM Standard". All tests were 
carried out at a sliding speed of 0.13 m s An unformulated paraffinic mineral oil of 
i s eosit ■ 26 mm' s ' at room temperature was used in the tests. Test rings hardened 
to a Rockwell C hardness of 61-63 \kith a surface finish of 0.4 pm (r.m.s.(were used. A 
t ■ pica I test sliding distance for hard-coated specimens was 550 m. Tests on uncoated 
samples were terminated when the volume of wear was excessive. Figure 1 shows the 
dimensions of wear scars produced on bare samples when the tests were terminated. 
20orn 
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Fig 1 Surface profiles of wear scars forial TiN-coated magnesium (upper profiler for a sliding distance of 
550 m and uncoated magnesium (loner profile) for a sliding distance of 231 m (load. 23.3 kN 	and 
TiN-coated titanium !upper profile) for ja sliding distance of 550 m and uncoated titanium flower 
profile' for a sliding distance of 2 m (load. V kNrn - I ). 
2 T3 .3 
Tests on aluminum. titanium and magnesium alloys were carried out at 
maximum initial hertzian pressures (block-on-ring test geometry; nominal line 
contact( equal to 0.62 of the calculated yield strength. Yield strengths were 
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second set of tests were carried out at a hertzian pressure of 0.85 of the yield strength 
for the cast magnesium alloys (Table 11). 
TABLE III 
,A11H11 , 1(0\1)111()\ , \\DRIM LTS 	Tt 	6A1 
t \ 
Load 11,N m 	I 2 s 1 1 .'in3 3 
Hertthin rre.,urc ■ 51 \ m 	- 1 63o.: 650.2 
( oefh,lent of friction' 0 15.0 1.3 
Block ma-- lo,. t mgi 1 —01 , 
Ring ma;. los,' (m,1) 
.. 4 5:z 1 
1.61 
Block wear coefficient - k i , 10"1 1000 — 
Ring wear coefficient k i • 10"1 1150 1.44 
Slider: di‘l.in,c I m 1 , - 550 
' See T.1!"1.: 1 
The test results presented show that TiN coatings not less thaw 3.6 pm thick 
reduce the wear rate of 2024 aluminum alloys by approximately two orders of 
magnitude. The wear protection afforded to titanium is more spectacular. Titanium 
i s known to gall and wear severely in sliding contact. The mass loss in the hare 
titanium alloy test in only 2 in of sliding is 5.15 g whereas the mass loss of TiN-
protected sample is ireeatire. i.e. wear debris is transferred to the counterface. The 
reduction in the wear coefficient is more than three orders of magnitude when a thin 
3.6 pm TiN hard coating is used to protect titanium alloy s. 
For the cast magnesium alloy. the 3.6 pm thick hard coating is sufficient to 
obtain wear resistance at maximum contact stresses equal to 0.62 of the yield 
strength. The higher contact stress tests indicate a gain in wear resistance. but not 
total wear protection. Apparently a thicker hard coating is essential. This 
observation is similar to that w ith a thin coating (1 pm I on aluminum. 
6. SUMMARIZING REMARKS AND CONCLUSIONS 
Light-weight non-ferrous alloys commonly used in aerospace applications are 
prone to se\ ere wear in sliding contact. Theoretical considerations suggest that 
improvements in wear resistance are possible with thin hard coatings. Magnetron-
sputtered hard coatings of TiN may provide the required wear resistance. 
Sliding wear tests carried out with hard coatings 1-4.5 pm thick show that TiN 
films 3.6 pm thick are sufficient to reduce the wear rate to negligibly small levels 
provided that the contact stress does not exceed 0.62 of the yield strength. 
All three allows of interest in aerospace applications can be protected with TiN 
hard coatings. The rationale for the use of hard coatings to improve the wear 
resistance of soft materials. outlined in Section 2. is confirmed. 
The absence of dehonding demonstrates that well-bonded TiN hard coatings 
can be produced by reactive magnetron sputtering. Coefficient of friction 
measurements show that coating-to-substrate shear strengths in excess of 27 MPa. 
48 MPa and 95 MPa can be produced in magnesium. aluminum and titanium 
substrates respectively. Commonl ■ . the contact stress under boundary-lubricated 
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sliding contact conditions rarely exceeds 20 MPa. The bond strength required is 
obtained easil ∎ . 
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TASK II: SHEAR RHEOLOGICAL CHARAMERIZATION OF LIQUID LUBRICANTS 
(MOTOR OILS) 
Although tribosystems are necessary for the function of automotive 
systems, contact friction is a significant source of energy loss which 
reduces automotive fuel economy. The objective of the rheology portion 
of this phase of tribology studies was to measure the shear rheological 
properties of a group of automotive engine lubricants to determine the 
affect of lubricant composition on traction (friction) in concentrated 
contacts. Concentrated contacts occur in automotive systems at cams, 
gears and rolling element bearings. Traction drive mechanisms which 
are frequently discussed as future transmissions, also rely on concen-
trated contacts. To some degree lubricant behavior in concentrated 
contacts is indicative of its expected behavior in the ring-cylinder 
contact and in the high shear rate conditions of journal bearings. 
The authors have shown [ref. 1,2] that the traction in concen-
trated contacts can be predicted by their limiting shear stress model 
using three primary rheological properties of the lubricant -- the 
low shear stress viscosity, the limiting elastic shear modulus, and the 
limiting shear stress. Of these the limiting elastic shear modulus is 
important only for small shear strains of the film (less than three 
percent). Since practical systems quickly develop much greater strains 
than this, only the low shear viscosity and limiting stress are 
important for the evaluation of traction in automobile engines. 
The low shear viscosity can be measured in a high pressure 
falling body viscometer (ref. [1]) and the limiting shear stress for 
comparison purposes can be obtained from concentrated contact traction 
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(shear stress) measurements (ref. [3]) in the form of the property 
averaged over a range of pressures. These measurements have been made 
for twelve commercial motor oils, the ASTM High Reference oil, and 
a pair of unformulated base oils and a pair of blends of polyalkyl-
mythacrylate polymer (PAMA) and one base oil. 
In addition, film thickness measurements were made for all 
samples to assess whether or not the traction measurements were made 
under full film conditions. These film thickness measurements allowed 
the calculation of an effective contact inlet viscosity and the subse-
quent comparison with measured low stress viscosity. This effective 
inlet viscosity is the high shear rate viscosity which can be expected 
to be indicative of the high shear rate viscosity important to journal 
bearing performance. The difference between the kinematic viscosity and 
the high shear viscosity is a function of the polymer type and concen-
tration. 
FLUID SAMPLES 
Twelve commercial automotive engine oils typical of those in 
common use were obtained from service stations and auto parts retail 
stores. Descriptions provided by the manufacturer are listed in 
Appendix 1. They include five oils formulated for fuel economy, six 
SAE 10W-40 grades, three 10W-30 grades, and one each of 20W-50, 30, 
and 5W-20 grades. One is of synthetic base stock. The others are of 
refined petroleum base. 
Also included in all tests run on the commercial oils was ASTM 
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High Reference Oil (HR) because this oil has been proposed as a standard 
for comparison in the ASTM Fuel Efficient Oil Program. 
Two unformulated base oils and two blends of one of the base 
oils with two polyalkylmethacrylate polymers of different molecular 
weight were included in most tests to assess the effectiveness of V.I. 
improver alone. They are also described in Appendix 1. 
EXPERIMENTAL EQUIPMENT 
Viscometer  
The viscometer used for these studies is shown in Figure 1. It 
is of the falling body type. The sinker is made of a magnetic material 
and translates through a thin brass sleeve plugged at one end and sealed 
at the other by an isolating piston to separate the sample from the 
pressurizing medium (Diester). Shearing of the sample occurs between 
the sinker and the sleeve inside diameter. The sleeve is housed in a 
non-magnetic vessel which is surrounded by a linear variable differen-
tial transformer. 
The pressure of the medium (up to 0.66 Pa) is generated in an 
external pressure intensifier and measured with a precision Heise 
bourdon tube gauge. The viscometer is enclosed in an air-oven for 
temperature control (25-230C) and is inverted to initiate a fall of the 
sinker For a further description and additional results, see (ref. 
[4]). 
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EHD Simulator  
The concentrated contact simulator is shown in Figure 2. The 
contact geometry is that of a crowned roller against a flat disk. The 
ellipticity of the contact can be varied from approximately 0.3 to 3 
by varying the crown radius. All the data in this report are for an 
ellipticity ratio of 2.5 to 3. The disk is sapphire and the roller 
hardened 52100 steel. 
The disk and roller are both driven through timing belts by a 
single variable speed motor. Therefore, the relative rotational speeds 
of the two surfaces are fixed by the timing gears. The rotational 
speeds are determined by a photo-optical tachometer on the drive motor 
shaft. The rolling speed or entrainment velocity is varied by the 
drive motor speed while the slip velocity, and hence the slide-roll 
ratio, is varied stepwise by the timing gears and continuously 
(± 0.07 about a mean) by the radial position of the roller contact on 
the disk. (The slide-roll ratio is defined as the difference between 
the velocities of the two surfaces divided by the average of the two 
surface velocities.) 
The continuous variation of slide-roll ratio is accomplished 
through the slide-roll micrometer which moves the roller support along 
a linear bearing in a direction perpendicular to the disk rotational 
axis thereby varying the radial position of the contact on the disk. 
This causes the surface velocity of the disk at the contact to vary, 
hence varying the slide-roll ratio. The slide-roll ratio micrometer 
has a multi-turn potentiometer attached which results in an electrical 
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voltage proportional to the slide-roll ratio to facilitate recording 
the traction slide-roll ratio curve. 
The side slip at the contact can also be varied through the 
side slip micrometer which moves the center of disk rotation perpen-
dicular to the axis of roller rotation. If the axes of rotation of 
the disk and roller intersect, the side-slip is zero. The side-slip 
angle (0) has a significant influence on the traction in the low 
slide-roll ratio range (less than approximately 0.031). All the data 
reported here was taken with zero slide slip. 
The contact load is applied by a dead weight hung on the disk 
axis through a thrust bearing to prevent the weight from rotating. The 
weight is supported by the concentrated contact. The horizontal 
position of the disk axis is maintained at the drive gear by a ball 
bearing which is free to move axially and from above the disk by a 
flexible frame which resists the torque and motion along the roller 
axis of rotation. The horizontal position is laterally restrained in 
the direction of contact traction by the side-slip micrometer with a 
piezoelectric force transducer link to measure the contact traction. 
The piezoelectric traction transducer is very stiff (1 GN/m), has a 
flat frequency response to 10 kHz, and a force resolution of 0.01 N. 
The signals from this traction transducer and the slide-roll ratio 
transducer are connected to the y and x axis respectively of an x-y 
recorder to record the traction slide-roll ratio curve. 
The disk, roller and roller support carriage are all in an 
enclosure to permit bulk temperature variation and measurement. The 
enclosure acts as a reservoir for liquid lubricants. The liquid 
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lubricant sample required is less than 5 cm 3 . 
The major simulator operating variable ranges are: hertz pressures 
to 2 GPa (depending on surface materials), rolling or entrainment velocity 
to V = 3 m/s, and bulk temperature from room temperature to 120C. 
Because of the high mechanical stiffness of the simulator and the 
good transient response of the traction transducer, small geometric 
irregularities in the system which cause small variations in the contact 
load and kinematics result in traction fluctuations. These are partic-
ularly apparent at low slide-roll ratio where the traction dependence 
on slide-roll ratio is very pronounced near zero slide-roll ratio. Those 
fluctuations resulting from kinematic variations tend to be eliminated 
as slide-roll ratio increases and traction becomes less dependent on 
slide-roll ratio. Those fluctuations, due to cam action of the disk or 
roller, will continue to be observed at higher slide-roll ratio. 
Because of the flexibility of the device it is suitable for 
simulating a wide variety of tribosystems. For a further description 
and additional results, see ref. [3,5]. 
RESULTS 
High Pressure Viscosity Measurements  
In order to determine the low shear stress rheology of the 
lubricant samples their viscosity was measured as a function of pressure 
at the usual temperatures of 40C, 100C, and 150C. (The two base oils and 
two blends were measured over a greater temperature range.) These data 
are shown in Figures 3-14 and tabulated for the motor oils in Table 1. 
I 
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Figures 6 and 7 each contain data for two oils of the same grade 
and manufacturer but of differing formulation (i.e., standard versus 
fuel economy). No appreciable difference was found in the low shear 
rheology of these pairs. Oils S-7 and M-3 exhibited large increases 
in viscosity with time at low temperature (40C) and moderate pressures 
(207 and 276 MPa respectively). This behavior has been observed before 
and is probably due to a solid phase separating from the oil. It is 
not likely to affect the short-time high shear stress rheology of the 
oil in a lubricated contact. 
The conventional pressure viscosity coefficient, a OT , and the 
reciprocal asymptotic isoviscous pressure coefficient, a4 are tabulated 
and defined for the motor oils in Table 2 and the base oils and polymer-
base oil blends in Table 3. 
Traction Measurements  
The elastohydrodynamic traction (average lubricant shear stress 
for the full-film case) of all samples was measured in the simulator 
shown in Figure 2. In all cases the configuration was that of a sapphire 
disk on a hardened crowned steel roller. 
Initial experiments were run with oil S-5 to finalize the 
technique for the traction program. A spherical roller which had been 
finished with #600 carbide paper was loaded to a peak Hertz pressure of 
PH = 1.4 GPa and contact aspect ratio of one. The results are shown in 
Figure 15a for two consecutive runs as traction coefficient TC versus 
temperature for slide-roll ratios of E = 0.05 and 2.0. Measurements 
were taken in order of increasing temperature. The increase in TC with 
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temperature suggests that the lubrication mode is not full film but 
rather that as the temperature rises and the lubricant film diminishes, 
a greater share of the load and the traction is shared by the surface 
asperities. In fact, a "running in" effect canbe seen in the first 
run where the traction level dropped for the measurement following the 
70C measurement whereas previous measurements showed successive increases 
in traction. This "running in" is carried over to Run 2 of Figure 15a 
where the traction curve is very much changed from Run 1. The calculated 
minimum film thickness for 80C is 0.052 pm. 
In Figure 15b, the same measurements were made for the roller 
after refinishing with 3/0 emery polishing paper and again for diamond 
lapping of the roller. The diamond lapping appears to reduce the affects 
of asperity interaction. It was decided to use a higher aspect ratio 
roller for the traction program to increase repeatability and reduce 
the peak Hertz pressure to that more characteristic of automotive 
practice. 
The traction program for the thirteen motor oils consisted of 
loading a polished roller against an optically smooth disk to give a 
contact with an ellipticity ratio of K = 3 (minor axis in the direction 
of rolling) and a peak Hertzian pressure of 0.74 GPa (107,000 psi). The 
side-slip angle was set at zero and the sample and enclosure brought 
to temperature. With the rolling (average) velocity at V= 1.0 m/s, 
a slide-roll ratio range of -0.08 < I < 0.06 was scanned and the traction 
recorded. See Figure 16 for an example of the data as received from an 
x-y plotter. The drive pulleys were changed to result in a slide-roll 
• 
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ratio of 	E = 0.9. The traction was recorded for E = 0.9 and -0.9 
and the difference divided by 2 to arrive at an average traction. 
The traction coefficients for the thirteen motor oils are graphically 
presented in Figures 17-20. The traction is higher for = 0.9 than 
for E = 0.05 in all cases indicating that the fluid behavior is 
primarily viscous at the high shear rates. The traction decreases 
with increased temperature (as is expected from limiting shear 
strength measurements of similar materials.) except for oils Ref. 
S-1, and S-6 at low temperatures. It is believed (Ref. [3]) that this 
is due to the oil film becoming very thick, allowing the pressure 
distribution to spread into the inlet and lower the peak fluid 
pressure. 
In addition, the traction behavior of the two base oils R620-15 
and R620-16, and two polymer-oil blends, R620-15 + PL4521 and PL4523, 
was measured for an aspect ratio of 2.5, peak Hertz pressure of 
PH = 1.0 GPa, and temperature of T = 26C. As is expected from limiting 
shear stress measurements [6] the four percent addition of the meth-
acrylate polymer reduces the traction coefficient of the R620-15 
(Figure 21). 
Film Thickness Measurements 
Optical interferometry was used to measure lubricant film 
thickness during the operation of the simulator. A microscope with a 
through the lens light source was focussed on the contact (Figure 1). 
A narrow band pass filter (Wratan 72B) with a dominant wavelength 
A= 605 nm was used between the tungsten lamp and microscope. An 
aspect ratio of K = 2.5 was used, resulting in a Hertz pressure of 
PH = 0.80 GPa from a load, w = 25N, identical to that of the traction 
measurements. Nearly pure rolling (2: = 0) was obtained by removing 
the drive belt from the roller and allowing the roller to be driven 
by the disk. From the methods of Ref. [7] the minimum film thickness 
under these conditions was calculated to be within six percent of 
that during the traction measurements. 
With this interference technique, changes in thickness of the 
film are viewed as alternate light and dark fringes appearing in the 
contact. The film thickness where a bright fringe occurs is 
	
= 	(11 + 	, 	n = 0,1,2,... 
and where a dark fringe occurs is 
h = 	(n 	I 
- 2 27-Fr - 7) 	
n = 0,1,2,... 
Where of is the phase change due to roughness of the roller surface 
and n is the fringe order. The fluid refractive index, C, was taken 
to be 1.5 in all cases. This leaves A  to be calibrated for the 
particular system. 
For the seventeen fluid samples, rolling speed was increased 
until a light or dark fringe was observed in the center of the contact. 
The speed and fringe order was noted. For the thirteen motor oils the 
fringes were noted when possible for minimum film thickness. 
The system calibration was done with oil S-6 and is shown in 
Figure 22. A plot of fringe order (n - 1/2 for dark fringes) versus 
VM7 yields a straight line whose intercept is 
Since at V = 0, h = 0 
A
1\_ P. - A 	27 	0.42 
	
(1' 	• = 0 42 27 
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Film thicknesses were observed at 25C, 50C, and 75C and are 
plotted for all samples in Figures 23-39. The open symbols represent 
bright fringe values and the solid symbols represent dark fringe values. 
Also plotted are film thickness predictions from the relations [5], 
he = 2.69 RxU
067G053W 067 (1 - 0.61 e -0.73K) 
tii h = 3.63 R u0.68G0.49w- 0.073 c1 _ e0.68K) x 
1 
for central and minimum thickness respectively. Where 
W - w 
ER2 
x 
P oV U ERx 
G = aE 
2 	1-v  2) 1-v, 2 1 - 1  ( 	




E1 , E2, v1 and v2 are moduli of elasticity and Poisson's ratio 
for the disk and roller and Rx is the roller radius in the direction 
of motion. The pressure-viscosity data measured and presented in this 
report were used in these calculations. 
For oils S-6, M-5, Ref., R620-15, and R620-16 which are known 
to contain no polymer V.I. improver the agreement between measured 
and predicted film thickness is satisfactory. For other materials 
the viscosity data predicts higher values than those measured. In 
particular, the measured film thickness for R620-15 + PL4523 
(2 x 10 6 M.W. PAMA) is one-third of the predicted value. For the 
experimental blends (R620-15 + PL4521 and R620-15 + PL4523) the film 
thickness predicted from base oil properties is also plotted and the 
measured values lie between each pair of predicted curves. 
From these plots it could be suggested that the rheological 
properties that determine the film thickness (i.e., u o and a in the 
high shear inlet region of the concentrated contact) for the polymer-
oil blend are reduced from the values measured for the blend at low 
shear stress to those more representative of the base oil. Since the 
pressure-viscosity coefficient of the base oil is nearly the same as 
the blend it can be assumed that a does not change and the viscosity 
is responsible for the reduced film thickness. Therefore an effective 
viscosity, pEFF,can be calculated from the film thickness data and the 
film thickness relations. These are tabulated in Table 4 and plotted 
against low shear rate viscosity for the oil with and without polymer 
in Figures 4.0 and 41 respectively. 
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CONCLUSIONS 
Rheological measurements for phase I of the tribology studies 
consisted of pressure-viscosity, EHD traction (average lubricant shear 
stress in a concentrated contact), and EHD film thickness for thirteen 
motor oils and four well characterized experimental oils. 
Pressure-viscosity measurement does not distinguish standard 
motor oils from fuel-economy formulated oils, even between oils of the 
same grade and manufacturer (Figures 6 and 7). It does however separate 
these samples by SAE grade if all motor oil data is plotted in one 
figure. This has been done in Figure 42. This generalized pressure-
viscosity data may be useful for the prediction of El -ID film thickness 
and therefore the design of automotive tribosystems and the specifica-
tion of automotive lubricants. 
No trend could be found which separated the traction character-
istics of mileage formulated motor oils and standard oils, even between 
those of the same SAE grade and manufacturer (Figures 18c and 19a). 
It is seen in Figure 43 that the traction behavior of the group 
of six SAE 10W-40 and three SAE 10-30 motor oils is a characteristic 
of the grade. If all motor oil traction data is plotted by viscosity 
grade, Figure 44 results. The ASTM High Reference oil and the 20W-50 
generated the highest traction while the 5W-20 provided the lowest 
traction coefficient of the group. 
It was seen that for the experimental oils of Figure 21 that a 
polymer V.I. improver can reduce the full film traction of the base 
oil to which it is added. It is believed then that the average 
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lubricant shear stress (full film traction) is determined by the base oil 
type and the presence of polymer V.I. improver. 
Of course these full-film traction and rheology measurements do 
not evaluate the effect of friction modifiers on the mixed regime of 
lubrication and it is suggested that the next phase include a mixed 
film traction program. 
Film thicknesses measured by interferometry agree well with those 
calculated from pressure-viscosity data using the Hamrock and Dowson 
equations [5] for the motor oils containing no polymer V.I. improver. 
However, the polymer thickened oils displayed a lower than predicted 
film thickness which can be related to a reduced effective inlet 
viscosity (Table 4). The film thickness measurements on the experimental 
oils confirmed the effect of polymer V.I. improver on effective viscosity 
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S -1 5 - 2 S - 3 S-4 S-5 	S-6 
Viscosity/mPas 
S-7 M-1 M-2 M - 3 M-4 W5 
40 A1/4 	65.7 92.0 68.2 46.2 71.1 53.2 71.0 72.5 72.5 45.6 59.4 69.0 28.0 
343 125.0 195.0 145.0 105.0 135.0 120.0 144.0 147.0 159.0 94.6 135.0 137.0 50.0 
69 .0 	243.0 405.0 282.0 196.0 208.n 229.0 201.0 29',.0 295 . 0 181.3 260.0 254.0 84.4 
138.0 986.0 1390.0 831.0 708.0 866.0 666.0 1222.0 0075.0 1117.0 567.0 907.0 765.0 214:0 
207.0 	3104.0 4460.0 3540.0 2120.0 2800.0 2172.0 3760.0 3351.0 3298.0 1834.0 h3404,0 2450.0 515.0 
276.0 	9775.0 17150.0 7840.0 6600.0 9430.0 6130.0 10817.0 9680.0 4890.0 6700.0 1192.0 
345.0 a40900.0 13650.0 17600.0 9894.0 19800.0 2432.0 
414 6323.0 
100 Ant 	7.46 15.2 11.7 7.91 11.6 8.08 8.98 10.9 12.0 8.34 11.6 12.1 5.43 
34.5 14.6 25.8 19.8 14.1 20_5 15.0 15.4 19.2 20.2 14.4 18.8 21.4 9.46 
69.0 	24.5 44.9 28.6 22.6 30.7 24.5 27.2 31.9 33.6 22.2 31.0 31.8 13.9 
138.0 56.3 103.0 72.2 52.4 69.9 56.9 65.4 69.1 80.2 51.1 78.8 74.1 29.3 
276.0 	285.0 527.0 327.0 255.0 288.0 257.0 325.0 355.0 345.0 248.0 353.0 314.0 105.0 
414.0 1217.0 2598.0 1270.0 101 7 .0 1074.0 1079.0 144.0 .1571.0 1324.0 990.0 1435.0 976.0 289.0 
552.0 	h5570.0 '8800.0 5260.0 4350.0 3930.0 4300.0 6130.0 / 2174.0 620.0 4322.0 5490.0 2043.0 739.0 
150 ATM 	2.92 5.35 4.13 3.16 4.43 3.07 3.07 4.24 3.13 3.41 4.64 4.60 2.05 
34.5 4.81 8.87 6.99 .5.05 6.73 5.03 5,35 6.69 5.13 5.46 7.22 7.46 3.53 
69.0 	7.70 14.3 10.4 7.70 10.3 7.59 8.29 10.4 8.34 8.02 10.59 10.8 4.96 
138.0 16.51 Z9.7 21.4 15.9 • 	19.5 16.0 17.1 20.6 19 . 0 17.0 22.9 21.2 10.01 
276.0 	c56.04 115.0 69.6 53.2 71.7 51.8 57.2 63.2 71.1 
4 
52.4 69.9 68.0 26.6 
414.0 157.0 372.0 191.0 (158.0 226.0 158.0 185.0 189.0 219.0 , 156.0 186.0 109.0 68.3 
552.0 , 	d338 . 0 774.0 477.0 f403.0 500.0 390.0 g366.0 480.0 N04.0 317.0 519.0 456.0 150.0 
BP 338 MPa bP 548 MPa cP - 279 MPa ar - 517 141, 11 cP 534 MI FP 538 MPa 
ip 	4R3 Mfon 
524 Mra 
'Sinker would not move at this pressure. ' 'Viscosity increasing with time. 
S-1 S-2 S - 3 S - 4 S - 5 
20.0 23.0 21.9 17.8 21.5 
20.1 19.8 21.2 17.7 20.5 
15.9 14.7 16.3 15.4 19.5 
14.3 13.3 14.7 13.6 15.1 
14.8 .13.5 12.6 13.1 13.8 
12.4 11.4 11.8 10.9 11.6 
S - 6 S - 7 M- 1 M-2 M-3 M-4 M-5 
21.1 19.2 23.4 20.4 23.0 17.8 17.1 
20.9 20.0 20.9 18.3 21.6 17.3 15.4 
16.7 15.9 15.4 16.3 15.6 15,.4 15.2 
14.8 13.9 13.4 14.7 13.7 13.6 12.3 
16.4 13.7 15.7 12.6 13.0 • 13.1 14.2 
12.8 11.1 12.8 11.8 . 10.9 10.9 . 10.8 
Reference 
T[C] 	 Oil 
40 	a OT 	18.4 
400T 	18.6 
100 	aOT 	'15.6 
100 	aOT 	15.9 
150 	aO,I. 	14.4 
150 	clOT 	12.1 
Table 2. Pressure Viscosity Coefficients for Thirteen Motor Oils 









Table 3. Pressure-Viscosity Coefficients of Two 
Base Oils and Two Polymer-Base Oil Blends 
Fluid 	 T/C 	aOT 	aT 
	
R620-15 	 26 	27.4 	27.4 
40 21.9 21.9 
99 	15.4 	14.8 
149 10.7 11.0 
227 	12.0 	8.85 
R620-16 	 26 	35.6 	35.8 
99 19.8 19.8 
227 	10.8 	10.6 
R620-15 + 4523 	 26 	25.5 	25.7 
99 17.1 15.0 
227 	16.8 	10.3 
R620-15 + 4521 	 26 	24.2 	24.9 
99 15.0 15.3 
227 	13.8 	9.8 




1" 1- p.(T,p = 0) d  P(T,P) 	 
  
    
a E din  OT 	dp T,p = 0 
   
   
   
T 
    
Table 4. Effective Inlet Viscosity from Film Thickness Measurements 
























R620-16 270 229 55 47.5 18 15.4 
R620-15 37 43.0 12 11.0 5.25 
15 + PL4521 116 54.7 45 16.9 21 8.67 
15 + PL4523 370 66.4 140 24.5 61 9.52 
S1 230 143 65 43.9 27 14.7 
S2 140 62.9 45 24.8 19 10.3 
S3 103 62.0 31 21.7 13.5 8.37 
S4 175 65.3 50 20.4 21 7.37 
S5 130 67.3 35 20.3 14 8.01 
S6 190 129 45 40.2 16.5 13.4 
S7 160 67.1 49 19.3 21 9.21 
Ml 155 52.0 50 18.0 22 9.38 
M2 95 67.1 31 20.9 14 8.53 
M3 120 67.2 42 22.9 19 8.97 
M4 145 69.3 46 17.7 20 9.08 
M5 55 60.2 19.5 19.0 9 9.36 
REF 180 179 40.0 43.1 15 17.8 
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Figure 1. High Temperature High Pressure Viscometer for Temperatures 
to 230C and Pressures to 0.6 GPa. 
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Figure 2. Concentrated Contact Simulator 
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Figure 3. Pressure-Viscosity Isotherms for ASTM Ref. Oil HR(Ref). 
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Figure 4. Pressure-Viscosity Isotherms for Oil S-1. 
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Figure 5. Pressure-Viscosity Isotherms for Oil S-2. 
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Figure 7. Pressure-Viscosity Isotherms for Oils S-4 and M-4. 
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Figure 8. Pressure-Viscosity Isotherms for Oil S-5. 
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Figure 9. Pressure-Viscosity Isotherms for Oil S-6. 
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Figure 11. FressureNiscosity Isotherms for Oil M-1. 
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Figure 12. Pressure-Viscosity Isotherms for Oil M-3. 
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Figure 13. Pressure-Viscosity Isotherms for Oil M-5. 
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Figure 14. Pressure-Viscosity Isotherms for (.) R620-15, 
(o) R620-16, (x) R620-15 + PL4523, (t,) R620-15 
+ PL4521 
Figure 15a. Traction Coefficient versus Temperature for 
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Figure 16. Traction versus Slide-roll Ratio for Oil S - 1 
at T = 24.5C and V = 1 m/s. 
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Figure 17. Traction Coefficients as a Function of Temperature 
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Figure 18. Traction Coefficients as a Function of Temperature 
at E In 0.9 and 0.05 for Oils M- 5, S -6, M- 2 and S - 3. 
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Figure 19. Traction Coefficients as a Function of Temperature 
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Figure 20. Traction Coefficients as a Function of Temperature 
at E 	0.9 and 0.05 for Oils M-1 and S-7. 
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Figure 21. Traction Coefficients of Two Base Oils and Two 
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Figure 22. Fringe Order versus Rolling Velocity for Oil S-6 
at 25C for Calibration of A 19. 
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Figure 26. Measured and Predicted Film Thickness for 011 S-3. 
Figure 27. Measured and Predicted Film Thickness for Oil S-4. 
I I 1111 . 	 I 	111, 
7 8 4j. 
1. L. 
NI I 
: 	1 : 	I 
; 
II 
I H ; 
!!  





























Figure 28. Measured and Predicted Film Thickness for Oil S-5. 
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Figure 31. Measured and Predicted Film Thickness for Oil 
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Figure 35. Measured and Predicted Film Thickness for Oil M-S. 
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Figure 36. Measured and Predicted Film Thickness for R620-16. 
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Figure 37. Measured and Predicted Film Thickness for R620-15. 
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Figure 38. Film Thickness Measured and Predicted 	from Blend 
Rheology, --- from Base Oil) for R620-15 + PL4521. 
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Figure 39. Film Thickness Measured and Predicted (----- from Blend 
Rheology, --- from Base Oil) for R620-15 + PL4523. 
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Figure 40. Effective Viscosity as a Function of Low Shear Viscosity 
for Oils with V.I. Improver. 
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Figure 41. Effective Viscosity as a Function of Low Shear Viscosity 
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Figure 43. Traction Coefficients of Groups of SAE 10W-40 and 10W-30 
Grade Oils as a Function of Temperature for :E = 0.9 and 
0.05, PH = 0.74 GPa, V = 1 m/s. 
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Figure 44. Traction Coefficients of SAE Grades as a Function of 
Temperature for = 0.9 and 0.05, PH = 0.74 GPa, V = 1 m/s. 
APPENDIX 
LUBRICANT SAMPLE I NFORMAT I ON 
iI 
Mileage - Viscosity 
Motor Oils 
Code SAE Grade Comments Manufacturer Name 
M-1 10W-40 Gas saving formula Shell Oil Company Fire and Ice 
5-1 20W-50 Burmah-Castrol Inc. GTX 
S-2 10W-40 Texaco Inc. Havoline 
M-2 10W-30 Mileage Sun Oil Company Cam 2 Mileage 
S-3 10W-30 Sun Oil Company Cam 2 
M-3 10W-40 Graphite Atlantic Richfield Company ARCO Graphite 
S-4 10W-40 Quaker State Oil Refining Company Deluxe 
M-4 10W-40 Energy Saving Quaker State Oil Refining Company Sterling 
S-5 10W-20W-30 Quaker State Oil Refining Company Super Blend 
S-6 30 Quaker State Oil Refining Company HD Oil 
M-5 5W-20 Synthetic Mobil Oil Corporation Mobil 1 
S-7 10W-40 Pennzoil Company 




AND LUBRICANTS ASTM, 1916 Race St., Philadelphia, PA 19103 (215) 299-5400 
Chairman: S. D. ANDREWS, Florida Dept. of Agriculture & Consumer Services, Div. of Standards, Mayo Bldg., Lob. Complex, Tallahassee, Fla. 32304 
(904.411.0645) 
First Vice-Chairman: V. A. SMITH, Amoco Oil Co., Box 710, Tech. Service Bldg., Whiting, Ind. 46394 (219.473-3224) 
Second Vice-Chairman: P. L. STRIGNER, Notional Research Council of Canada, Div. of Mech. Engrg., Ottawa K1A OR6, Ont., Canada (613.993.2434) 
Secretary: B. R. HALL, American Petroleum Inst., 2101 1 St., N.W. Washington, D.C. 20037 (202-457-7183) 
Staff Manager E. R. SULLIVAN (215-299-5514) 
March 24, 1981 
Reply to: Gordon R. Farnsworth 
Exxon Chemical Company 
P. O. Box 536 
Linden, N. J. 07036 
Ward O. Winer 
School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
Dear Ward, 
I recently received your request for information regarding oils included 
in your Tribology study being conducted under government contract. As 
reference oil chairman of the ASTM Task Force on Fuel Efficient Engine 
Oils, I can supply descriptive data for HR reference oil. 
• Name - ASTM High Reference Oil (HR) 
• Base Oil - 60/40 Solvent 150/Solvent 600 
• VI - None 
• Friction Modifier - None 
• DI Package - API SF Quality 
• Finished Oil Analysis 
Viscosity - 9.5 cSt @ 210 ° F 
Zn - 0.13 Wt.% 
Mg - 0.13 Wt.% 
• Viscosity Grade - SAE 20W30 
I trust this information meets your needs and I look forward to receiving 
a copy of the contract reports. 
Very truly yours, 
GORDON R. FARNSWORTH 
	 MAP, 
/jzs 
Standards for Materials. Products. Systems & Services 
THE LUBRIZOL CORPORATION 
29400 LAKELAND BOULEVARD W1CKLFFE, OHIO 44092 
216/943-4200 
January 19, 1981 
Professor Ward 0. Winer 
Engineering Consultant 
1025 Mountain Creek Trail, NW 
Atlanta, Georgia 30328 
Dear Ward: 
The following information is available on sample 
OS No. 52287, the ASTM 5-Car FE Test High Reference 
Oil: 




@ 100°C 9.55 
Elemental Analysis (by Emission Spectroscopy) 
%Zn 	 0.147 
%P 0.125 
%Si 	 0.0012 
%B 0.10 
%Na 	 0.0005 
%Mg 0.137 
We hope your studies with this oil are successful. We 
would, of course, be interested in your results and how 
they compare to vehicle data generated at Lubrizol. If 
I can be of any further assistance please let me know. 
Very truly yours, 
Brian M. O'Connor 
BMO/cao 
E F 
THE LUBRIZOL CORPORATION 
CLEVELAN D, OH 10 4 4 1 1 7 
March 12, 1981 
Professor Ward 0. Winer 
Engineering Consultant 
1025 Mountain Creek Trail, NW 
Atlanta, Georgia 30328 
Dear Ward: 
Under separate cover we are sending you one pint of 
OS#52655, the current batch of ASTM Reference Oil, 
HR-2. This is as per our conversation at last month's 
SAE meeting. 
Very truly yours, 
W. B. Chamberlin 
WBC /bj 
Burmah-Castrol Inc. 
TELEPHONE (201) 287-3120 
TELEX 	844463 
30 EXECUTIVE AVENUE, EDISON, NEW JERSEY 08817 
May 8, 1981 
Mr. Ward 0. Winer 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
Dear Mr. Winer: 
In response to your letters of 2/24 and 5/1, below are the 
requested items of information. I am sorry about the delay 
in responding. 
Product: GTX 20w/50 motor oil (and all other GTX 
grades; note GTX 10w/30 is friction modified 
with a proprietary soluble compound). 
High VI solvent refined neutral parafinic 
Most production is with non-dispersant 
Olefin Co-polymer 
% weight of neat polymer is approximately 
1% in 20w/SO 
Average molecular weight is approximately 
60,000 (by membrane osmometry); approximately 
50,000 by gel permeation chromatography 
Some production is with a dispersant Poly 
methacrylate 
I weight of neat polymer is approximately 
1% in 20w/SO 
Average molecular weight is approximately 
150,000 by osmometry; approximately 125,000 
by gel permeation chromatography 
Please note that we cannot be certain of these I 
weight, and molecular weight since we do not pro-
duce the polymers ourselves. As a more general 
description, we pick VI improvers for 0 shear loss 
in the L-38 10 hour test; ASTM FISST loss is about 
5% or less 
Base oil: 
VI: 
Specialists in lubrication since 1899 Member Burman Group 
NNW 
D-I: 	 alkyl ZDDP, Calcium Sulfonate, ashless dis- 
persants and antioxidants. SF/CC, CCMC 
approximately 5% of neat undiluted additives 
FM: 	 No (except GTX 10w/30) 
We have been doing much research on the role of rheology on fuel 
economy. A joint SAE paper is due to be presented at the June 
'81 SAE meeting in Detroit. I cannot supply you a copy at this 
time, since it represents a joint project with other entities. 
It shoud be of considerable interest as background to your studies. 
The SAE paper number is 810800. 
Regards, 
Richard G. Tittel 
RGT:bb 	 Technical Coordinator 
T-297 
PETROLEUM PROD UCTS 
RESEARCH, ENVIRONMENT. 	 TEXACO INC. 
AND SAFETY DEPARTMENT P. 0. BOX 509 
M. D. RIORDAN 
	
BEACON, NEW YORK 12508 
MANAGER 	 914-831-3400 
PETROLEUM PRODUCTS RESEARCH 
March 20, 1981 
Prof. Ward 0. Winer 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
Dear Professor Winer: 
Thank you for your inquiry concerning Texaco Havoline Motor 
Oil. In selecting Texaco motor oil for your studies we 
suggest you use Havoline Supreme 10W-40 which is our fuel 
efficient API-SF motor oil. It is formulated with all 
solvent neutral mineral oils, an olefin-copolymer VI improver 
and a DI package containing succinimide dispersant, calcium 
sulfonate detergent, alkyl zinc dithiophosphate. In addition, 
the oil contains an oil soluble friction modifier. Attached 
are typical inspection tests obtained on Havoline Supreme 
10W-40. 
We will be interested in the results of your study. Please 
advise if we can be of any further help in this matter. 
Very truly yours, 
RGL-bt 
Attachment 
Prof. Ward 0. Winer 
Attachment 
March 20, 1981 
HAVOLINE SUPREME 10W-40 
Typical Tests 
Gravity, °API 32.0 
Flash, 	COC, 	°F 420 
Kin Vis., cSt at 	40°C 85.4 
100°C 13.13 
CCS 	Vis., cP, -18°C 2430 
Pour Pt., °F -20 
Ca, 	% 0.24 
P, 	% 0.14 
Zn, 	% 0.15 
N, 	% 0.10 
uritech Group 
P. 0. Box 1135 
Marcus Hook, PA. 19061 
215-485-7400 
May 21, 1981 
Dr. Ward Winer 
School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, GA 30332 
Dear Ward: 
It has been quite a while since I've seen you, but it was good to get 
your letter about the "Role of Tribology in Automotive Fuel Economy", 
which was forwarded to me by Frank Didot. Since Jim Lauer left Sun in 
1978, I have been involved in engine oil development, currently working 
in Technical Service for customers. 
Your project looks very interesting, and I would appreciate receiving 
any information generated by the work. In turn, I am supplying in the 
attached table the data you requested on the oil sample that we supplied 
to you. 
If I can be of any further assistance, contact me at (215) 447-1847. 
Best regards, 
Mel Peterkin 
Technical Service Engineer 
MEP:ldw 
Attachment 
cc: Mr. F. E. Didot 
Mr. G. G. Kroninger 
Mr. L. E. Slagle 
CTF 
  
Suntech, Inc 	 A Sun Company 
MAY 28 1981 
WARD 11 UI i r. 
CAM2 MILEAGE 
Base Oil Information: 
100% mineral oil .-160 N Solvent Refined 
VI Package: 
Styrene-ester copolymer 
Avg. mol. wt. of 	 328,000 wt. avg. 
98,000 number avg. 
Used at — 2 wt. % 
D-I Package: 
SF/CB Calcium Chemistry Detergent-Antioxidant at 	5% 
Friction Modifier: 	Soluble Organic Phosphate 
Other: 	 10W-30 SAE Viscosity Grade 
SF/CB API Service Grade 
Viscosity Index 	170 
Total Base Number (D664) 5.5 
Total Acid Number (D664) 2.2 
Viscosity cP/-18°C 1800 
Viscosity, 	cSt/100'C 11.3 
Pour Point, 	°C -33 
Zinc, 	% Wt. 0.16 
Phosphorus, % Wt. 0.20 
Sulfated Ash, % Wt. 0.94 
MEP:ldw 
5/21/81 
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QUAKER STATE OIL REFINING CORPORATION 
PENNSYLVANIA PETROLEUM PRODUCTS 
OIL CITY, PA. 16301 
March 27, 1931 
T. 
Corporation
. a . t• 	 , : 
Professor Ward 0. Winer 
Georgia Institute of Technology 
School of Mechanical Engineering 
Atlanta, Georgia 30332 
Dear Professor Winer: 
We wish you well in your study on the "Role of Tribology in Automotive 
Fuel Economy" being conducted under contract to the U. S. Department of 
Transportation. The inclusion of several Quaker State motor oils in your 
studies is most complimentary. The general compositional information you 
requested and typical physical properties for the products are given in the 
attached table. In addition, we have also attached Quaker State Technical 
Information Bulletin T-1001F which contains additional descriptive inform-
ation on Quaker State Motor Oils. Quaker State Sterling Motor Oil is a 
premium quality fuel economy oil that contains a special oil soluble 
friction modifier that provides outstanding fuel economy benefits. Both 
Quaker State DeLuxe Motor Oil, SAE 10W/40 and Super Blend Motor Oil, SAE 
10W/30 meet the proposed ASTM fuel economy test requirements for a fuel 
economy oil. This, was accomplished without the use of a specific friction 
modifier additive by careful selection of the additive components used in 
the products with respect to their frictional characteristic's. 
We trust that the material provided will be of value to the program 
and look forward to reviewing the results of your studies when they are 
published. 
Very truly yours, 
QUAKER STATE OIL REFINING CORP. 
Research Center 
John A. Lundquist, 
Associate Director of 
Research and Development 
JAL/rls 
Attach. 
quaker State motor tills 
Quaker State  
Sterling Motor Oil  
10W/40 
SF-SE 
Select cut of refined oil 








Plus Other Additives 
Oil Soluble Type 
Quaker State  
DeLuxe Motor Oil  
10W/40 
SF-SE-SD 
Select cuts of refined oil 








Plub Other Additives 
None 
Quaker State  
Super Blend Motor Oil  
10W/30 
SF-SE-SD-CC 
Select cuts of refined oil 








Plus Other Additives 
None 
Quaker State  
HD Motor Oil  
30 
SF-SE-SD-CC 
Select cuts of refined oil 
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0.80 
:y Index Improver than used in Quaker State DeLuxe and Super Blend motor oils. 
I 
TECHNICAL INFORMATION 
BULLETIN T-1001 F 
I 
QUAKER STATE MOTOR OILS 
(Types and Compounding) 
QUAKER STATE STERLING MOTOR OIL 
SAE 10VV-40 HD 
Quaker State Sterling Motor Oil is blended 







Anti-wear and Anti-scuff 
Detergent and Dispersant 
Viscosity Index Improver 
Friction Modifier 
Base oil, as used in this Quaker State bulletin, 
refers to the motor oil refined from crude oil before 
any additives are used. 
Sterling is an advanced motor oil designed to 
provide greater fuel economy and permit extended 
drain intervals. 
Sterling Motor Oil meets the following desig-
nations and specifications: 
1. For API Service Designations SF, SE 
2. All current automobile manufacturers' 
specifications 
QUAKER STATE DELUXE MOTOR OIL 
SAE 10W-40 HD and 20W-50 HD 
Quaker State DeLuxe Motor Oil is formulated 







Anti-wear and Anti-scuff 
Detergent and Dispersant 
Viscosity Index Improver 
DeLuxe Motor Oil meets the following 
specifications and designations: 
1. For API Service Designation. SF, SE, and SD 
2. All current automobile manufacturers' 
specifications 
3. The SAE 10W-40 product meets proposed 
ASTM fuel economy tests. 
QUAKER STATE SUPER BLEND MOTOR OIL 
SAE 5W-20 HD, 10W-30 HD and 20W-40 HD 
Quaker State Super Blend Motor Oil is basically 
similar to DeLuxe in formulation. Super Blend meets 
the following specifications and designations. 
1. For API Service Designation SF, SE, SD, 
and CC. 
2. All current automobile manufacturers' 
specifications. 
3. Any U.S. Military Specification MI L-L-46152. 
4. The SAE 10W-30 product meets proposed 
ASTM fuel economy tests. 
QUAKER STATE HD MOTOR OIL 
SAE 10W, 20W-20, 30, 40, and 50 
Quaker State HD Motor Oil is formulated from 







Anti-wear and Anti-scuff 
Detergent and Dispersant 
Quaker State HD Motor Oil meets the follow-
ing specifications and designations: 
1. For API Service Designation SF, SE, SD, and 
CC 
2. All current automobile manufacturers' 
specifications 
3. U.S. Military Sepcifications MIL-L-21046, 
MI L-L-2104A, and any MIL-L-46152 
4. Mack EO-H 
5. Detroit Diesel 
6. Cummins Diesel (Non-turbocharged) 
7. International Harvester 
(continued on other side) 
QUAKER STATE RACING MOTOR OIL 
SAE 30 HD, 40 HD, 50 HD, and 20W-50 HD 
Quaker State Racing Motor Oil contains the 
same types of additives as HD Motor Oil. 
However, Quaker State Racing Motor Oil 
contains a much higher treatment of anti-foam 
additives, and a considerably higher content of anti-
wear and anti-scuff additives. This extra treatment 
has been found to be highly beneficial in engines 
operated under full throttle, especially at engine 
RPMs over 4000. 
Quaker State Racing Motor Oil meets the 
following specifications and designations: 
1. For API Service Designation SF, SE, SD, 
and CC 
2. All current automobile manufacturers' 
specifications 
QUAKER STATE HDX UNIVERSAL FLEET 
MOTOR OIL 
SAE 10VV, 20W-20, 30, 40, and 15W-40 
Quaker State HDX Universal Fleet Motor 
Oil is especially formulated to meet the require-
ments of API Service Designation CD and U.S. 
Military Specification MI L-L-2104C. 
HDX is formulated from scientifically selected 
base oils, plus the latest proven additives. 
HDX contains a very high content of special 
detergent and dispersant additives especially designed 
for the requirements of heavy duty Diesel engines, 
and particularly those which have to be operated on 
poor grades of Diesel Fuel (high sulfur and/or high 
aromatic hydrocarbon content, or high endpoint 
distillation range). 
HDX is also suitable for use in severe duty 
gasoline engines where unusual operating conditions 
cause heavy crankcase contamination with blowby 
residues. 
HDX meets the following specifications and 
designations: 
1. For API Service Designation SF, SE, CD, 
and CC 
2. U.S. Military Specification MIL-L-2104C 
and any MIL-L-46152 
3. Caterpillar TO-2 
4. Cummins  
5. Detroit Diesel 
6. International Harvester 
7. Mack EO-J 
8. Detroit Diesel Allison Division C-2/C-3 
SAE 10W and 30 Grades 
9. Certified to meet automobile manufacturers' 
specifications 
10. Recommended where Series 3 type oils are 
required 
QUAKER STATE HDX EO-K MOTOR OIL 
SAE 15W-40 
Quaker State HDX EO-K Motor Oil is blended 
from scientifically selected base stocks and additives 
to provide outstanding protection in today's heavy 
duty engines. This product is designed specifically 
to exceed Mack EO-K requirements. It can, however, 
be used in other heavy duty Diesel engines and in 
gasoline engines. 
HDX EO-K meets the following specifications 
and designations . 
1. For API Service Designation SF, SE, CD 
and CC 
2. Mack EO-K 
3. Mack EO-J 
4. Cummins 
5. International Harvester 
6. Caterpillar 
7. Certified to meet Automobile Manufacturers' 
Specifications 
8. Recommended where Series 3 type oils are 
required. 
QUAKER STATE REGULAR MOTOR OIL 
SAE 20W-20 and 30 
Quaker State Regular Motor Oil is formulated 





Anti-wear and Anti-scuff 
Detergent and Dispersant 
Quaker State Regular Motor Oil meets only the 
requirements of API Service Designation SC. Regular 
motor oil should only be used in car engines built 
before 1968. 
Produced in U.S.A. 
PENNZOIL PRODUCTS COMPANY 
PENNZOIL PLACE • P 0 BOX 2967 • HOUSTON, TEXAS 77001 • (713)236-7878 
March 16, 1981 
Dr. Ward 0. Winer 
Professor 
School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
Dear Dr. Winer: 
Your letter addressed to J. G. Valdez has been passed 
onto me for response. I will attempt to supply as 
much information as I can to you within the limits of 
propriety and my own knowledge. 
One of the factors involved in motor oil technology 
is, of course, the fact that the additive suppliers 
mix the various components in proprietary fashion to 
give us the performance requirements we desire. On 
that basis, it is quite difficult to identify in 
any detail what the DI package of any motor oil is. 
I can certainly identify VI package and to some 
extent friction modifiers. 
Pennzoil is a multi-location, multi-base stock company 
and so it is difficult to identify any specific base 
oil composition. We also use more than one DI and VI 
package combination at our various locations. In 
general, it is our policy to establish performance 
targets which the additive suppliers are requested to 
meet. 
The attached table gives what information I have 
available at this time on our formulations. Since you 
note only the SAE 10W-40 grade in your tabulation of 
products, I am sending information only on that grade. 
If you have any further questions, please feel free to 
contact me. 
Sincerely yours, 
s. E. Swedbe g, Manager 








Location Code 	 A 
Base Oil Composition  
Mid Continent Solvent Refined 	X 
Base Oil (27.0 cst at 40°C) 
Mid Continent Solvent Refined 	 X 
Base Oil (29.0 cst at 40°C) 
Pennsylvania HF Base Oil 	
1.5 	:5 
(27.0 cst at 40°C) 
VI Improver (As solid, Wt. %)  
Non Dispersant OCP (SSI=20) 	1.5 
DI Package (Wt. %)  
SF Performance Level 	 7.0 	7.0 	7.0 
Friction Modifier  
Soluble material consisting 	Yes 	Yes 	Yes 
of one or more of the 
following: 
Fatty acid esters 
Sulfurized fatty acid 
esters 
2 (REV. 5-78) 
(.71 Shell Development Company 
Interoffice Memorandum 
March 30, 1981 
Professor Ward O. Winer 
School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, GA 30332 
Dear Professor Winer: 
This replies to your February 24, 1981 letter requesting information on our 
large volume branded passenger car engine oil, Shell FIRE & ICE° 10W/40 
Motor Oil. 
The HVI base oils used in blending FIRE & ICE 10W/40 Motor Oil are 
manufactured primarily from domestic Mid-Continent crude sources used in 
combination with small but significant quantities of foreign crudes. 
Processing includes solvent extraction and hydro-finishing. A proper 
ratio of HVI 100 and HVI 250 is used to provide viscosities meeting the SAE 
10W specification at -18 0 C and the SAE 40 specification at 100°C. 
SHELLVIS® 40, a styrene/olefin-based hydrocarbon co-polymer manufactured 
by Shell Chemical Company, is used as the VI improver. This solid, 
oil-soluble polymer is used in optimum concentration to meet 10W/40 
viscosity classifications with the combination of base oils noted. 
A proprietary Shell DI (detergent-inhibitor) additive system is used in 
combination with SHELLVIS 40. 	Treatment is near the 10 percent level 
common for API SF quality automotive oils. 	It encompasses a calcium 
overbased detergent and a conventional ashless dispersant for engine 
deposit control, antiwear additives as required to meet API SF standards, 
a pour point depressant and an antifoam agent. 0.15%w zinc as dialkyl zinc 
dithiophosphate is used for antiwear performance and a proprietary 
oil-soluble friction modifier is used for fuel efficiency. 
Test results show that Shell FIRE & ICE 10W/40 Motor Oil comfortably meets 
all API SF quality requirements and the proposed ASTM test requirements for 




Typical chemical and physical properties for the finished oil are given in 
Attachment 1. 
Hopefully, this information will be satisfactory for your needs. 
Sincerely, 





SHELL FIRE & ICE MOTOR OIL 10W-40 
SUMMARY OF BENCH TEST RESULTS  
Finished Oil Characteristics  
1. Gravity, ° API 	(ASTM D-287) 29.2 
2. Flash Point, 	°F 	(ASTM 0-92) 400 
3. Pour Point, 	°F 	(ASTM D-97) -25 
4. Foaming, ml 	(ASTM 0-892) 
Tend/Stab, 	Sequence 1, 	2, 	3 0/0, 15/0, 0/0 
5. Viscosity, 	cP at -18 ° C 	(ASTM D-2602) 2250 
cSt at 40 ° C (ASTM D-445) 80.0 
cSt at 100 ° C (ASTM D-445) 13.9 
6. Viscosity Index (ASTM 0-2270) 180 
7. Total 	Base No. 	(ASTM D-664) 7.3 
8. Total 	Acid No. 	(ASTM D-664) 3.1 
9. Sulfated Ash, %, 	(ASTM D-874 1.08 
10. Analyses for identifiable elements, wt.%. 
Mq 	NIL 	Ca 0.26 	Ba 	NIL P 0.14 Zn 0.15 
N 	0.03 	S 0.34 
ARCO Petroleum Products Company 
March 25, 1981 
Dr. Ward 0. Winer 
School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
Dear Dr. Winer; 
Your recent letter asked that we provide the composition of our 
SAE 10W-140 ARCOgraphite motor oil in terms suitable for describing 
the product in a technical publication such as an SAE paper. We can 
release information of this type to the extent that the oil contains 
an all mineral oil base oil composition. In addition, the oil does 
contain graphite as a colloidal friction modifier. We trust that 
this information along with any physical or chemical data you may 
generate on the sample you use for testing will suffice to define 
the oil in a publication. 
Very truly yours, 
ARCO Petroleum Products Company 
D. L. DeVries 
Engine Oils Research and 
Development 
DLD:sjv 
Pe,cr 	 D1 Ion of AltanMR 
Mobil Research and Development Corporation 
RESEARCH DEPARTMENT 
PAULSBORO, NEW JERSEY 0E1066 
PAUL R CARL 
MANAGER 
PRODUCTS RESEARCH AND 
TECHNICAL SERVICE 
March 18, 1981 
File: 	311.1 
Proj: 182-10 
Dr. Ward 0. Winer 
School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
Dear Dr. Winer: 
In response to your inquiry of February 24, 1981, we offer the following. 
Mobil 1 5W-20 employs a fully synthetic base stock which is mostly SHF made 
from the polymerization of olefins. An ester is also included as an elasto-
mer seal swell agent. Because these synthetic base stocks have an inherently 
high viscosity index, the SAE 5W-20 multigrade viscosity characteristics are 
obtained with no polymeric VI improver in the formulation. 
The additive system in Mobil 1 was developed specifically for optimum response 
with the synthetic base fluids and contains metallic detergents, ashless dis- 
persant and alkyl zinc dithiophosphate. 
of Mobil 1 5W-20 are summarized 
Tests 
below. 
The physical and chemical properties 
Results 
Kinematic Viscosity 
@ 100 ° C 	(212 ° F), cSt 





CCS Viscosity @ 0 ° F (-17.8 ° C), P 11 
Flash Point, 	°C( ° F) 238 (460) 
Pour Point, 	°C ( ° F) -65 (-85) 
TBN (D2896) 6.2 
Sulfated Ash, % Wt. 1.0 
Calcium, % Wt. 0.21 
Zinc, 	% Wt. 0.13 
Phosphorus, % Wt. 0.12 
We trust this information is helpful and are glad to be of assistance. 
Very trlilv vnl ,rq 
CDLack/j pa J H. V. Lowther, Manager Engine & Power Train Lubricants 
tIAT: 	T.. . 	1.981 
DESCRIPTION OF EXPERIMENTAL FLUIDS 
Symbol: 	R-620-15 
Source: 	Sun Oil Company 
Type: 	Naphthenic Base Oil 
Properties: 	Viscosity at 37.8C, mm2/s 	 24.1 
Viscosity at 98.9C, mm- /s 	 3.73 
Viscosity Index (ASTM D-2270) 	 -13 
Flash Point, C 	 157 
Pour Point, C 	 -43 
Den s ity at 20C, Kg/m 3 	 915.7 
Average Molecular Weight 	 305 
Symbol: 	R620-16 
Source: 	Sun Oil Company 
Type: 	Naphthenic Base Oil 
Properties: 	Kinematic Viscosity at 37.8C mm 2/s 	114 
Kinematic Viscosity at 98.9C mm 2/s 	8.1 
Density at 20C kg/m 3 	 930 
Average Molecular Weight 	 357 
Symbol: 	PL4521, PL4523 
Source: 	Rohm and Haas Company 
Type: 	Polyalkylmethacrylate 
(Polymer additive used in solution in R620-15, 
4.0% polymer by weight) 
The chemical composition of each is the same. They 
differ only in molecular weight and are supplied in 
a carrier oil similar to R620-15 
Properties 	 PL4521 	PL4523 
Polymer Weight: 	 36.1% 	19.0% 
Viscosity 	 560 x 10
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SU!'•11IkRY 
This phase report Su =.ce th acco7r:ishments in the 
eleven months of tke f:rst rkase of 7j7e rrogr= emit Zee: 
"Funr.7(7nental Studies in Tr 	c 	as Fe727.te.2 to Auto 
Fuel Econom?". 
Work schedule for the fi -t 177i.:220 872f"..."K on overleaf requires 
under Task I: 
(a) development of coating technicucs, 
(h) preliminr? coating trials, and 
(c) screening for tribological behavior. 
Under Task II the schedule caZZs for high rressure shear rheoloaicaZ 
studies of motor oils. Theoretical work on mechanics of thin 
film function and wear of automotive tribosListems are called 
for in Task 
In the following pages of the first phase rerort, the work 
accomplished in Tasks I and II are sunnarized. Coating system 
and technology have been developed. Coating trials are under-
way. Nonferrous and ferrous materials of interest for automotive 
application have been coated successfully. Shear rheological and 
traction studies have been carried out on motor oils. 
This phase report presents a summary of the work accomplished in 
phase I covering the period 1 September 1980 to 28 July 1981. 
S. Ramalingam 	 h. O. Winer 
Principal Investigator 	 Principal Investigator 





1.a 	Development of coating techniques 
b 	Preliminary coating trials 
c 	Screening for tribological behavior 
d 	Identification of promising coating 
2,a 	High pressure shear theology (motor oils) 
b 	High pressure shear theology (gear oils)  
7/80 	7/81 	7/82 	7/83 





c 	High shear high temperature characterization 
at near atmospheric pressure 
d 
  




Characterization of the mechanics of thin film 
friction and wear of automotive tribo-systems 





TASK I: DEVELOPMENT OF COATING TECIINIQU'ES 
A sputtering facility for high rate deposition of metals and 
hard compounds has been developed and tested. It has been used to 
deposit thin layers of hard and soft compounds to modify friction 
and wear characteristics of tribological pairs. Friction and wear 
tests have been carried out on coated ferrous and non-ferrous test 
samples. 
The coating process developed to modify the friction and wear 
characteristics of tribological pairs and the tribological test 
results obtained are presented in the following sections of this part 
of the progress report. 
a. Coating System  
The coating system developed consists of four principal sub-
systems. It is designed to facilitiate metallic coating at high rates 
(magnetron sputtering) as well as coating of hard material compounds 
such as TiN. The latter requires reactive sputtering. Suitable 
provisions have therefore been made for atmosphere control. 
The principal sub-systems developed are: 
a) a vacuum plant 
h) a high rate sputtering head 
c) a sputtering atmosphere control system, and 
d) a power supply. 
The vacuum plant developed consists, basically of a CVC 14" vacuum 
system suitably modified for the present needs. A vacuum chamber 
defined by a 12 inch diameter x 12 inch high Pyrex cylinder, a top 
2 
plate and a base plate is used. The vacuum chamber can be evacuated 
to pressures less than 10 -S torr with a four inch diffusion pump and 
a 5.6 CFM Mechanical pump. The system is equipped with a four inch 
gate valve and two roughing valves for vacuum sequencing and to 
control ambient pressure during sputtering. The system is equipped 
with a bleed valve to bring the vacuum chamber to atmospheric pressure 
for specimen loading and unloading. Vacuum plant is shown in Figure 1.2.1. 
The top plate of the vacuum chamber carries the sputtering 
head and is electrically insulated from it with the insulator ring. 
It also carries a sputtering pressure monitoring gage, a shutter 
control, and a gas inlet. The base plate of the system contains a 
number of electrical and instrumentation feed-throughs (See Figure 1.a.2). 
The specimens to be coated are carried on a platform connected 
to a high voltage feed-through to facilitate specimen cleaning by 
sputtering. A ground shield serves to limit the plasma generated 
during sputter cleaning from acting on the back streaming molecules. 
A shutter serves to shield the coating target from the contaminating 
species during the cleaning. 
The sputtering head developed is a cylindrical structure with 
four ALNICO ring magnets and a HICOREX magnet. The ring magnets, the 
pole pieces and the HICOREX magnet define a circularly symmetric magnetic 
field needed for high rate magnetron sputtering. The magnet assembly 
is positioned on the atmospheric side of the cathode carrier while 
the metallurgically bonded coating target is carried on the vacuum side. 
The magnet assembly and the cathode carrier are mounted on a cathode 
3 
1. Vacuum Chamber 
2. Top Plate 
3. Sputtering Head 
4. Pyrex Cylinder 
5. Base Plate 
6. Vacuum Chamber Leak Valve 
7. Roughing Valve - Mechanical Pump 
8. High Vacuum, Gate Valve 
9. Diffusion Pump Roughing Valve 
10. Diffusion Pump 
11_ Two-Stage Mechanical Pump. 






1. Sputtering Head 
2. Shutter Control Handle 
3. Sputtering Gas Inlet 
4. Sputtering Pressure Monitoring Gage 
5. Sputtering Head Insulator 
6. Vacuum Chamber Top Plate 
7. Sputtering Target 
8. Test Specimens (Coating Substrates) 
9. Pyrex Dell Jar (Cylinder) 
10. Ground Shield for Sputter Claening 
11. Manifold to Pumping System 
12. Shutter 
FIGURE 1.a.2 INTERNAL CONFIGURATION OF THE 
VACUUM CHAMBER FOR SPUTTERING 
5 
ring and enclosed in a water-cooled casing. 
Water introduced through a 1/4 inch steel tube is routed through 
the pole piece to cool the rear surface of the cathode carrier. Follow-
ing circulation, water is drained through an opening in the PVC case. 
Water cooling and metallurgical bonding of the target are essential to 
remove the large power dissipated (up to 1.8 kW) at the cathode surface 
during high rate sputtering. 
An appropriately configured anode is positioned close to the 
cathode. The anode geometry and the position with respect to the 
cathode have been empirically optimized. The close coupling between the 
magnetic field B and the electric field E, is the key factor in permitting 
successful reactive sputtering to produce golden yellow TiN at high 
deposition rates. 
Consistent and reproducible reactive sputtering of hard compounds 
requires higher sputtering voltages than those available in commercial 
magnetron sputtering systems. Therefore a new system had to be designed, 
built and tested to meet the needs of tribological coatings. 
The two-inch sputtering head developed is a key component of 
the sputtering system. This newly designed system has been tested at a 
total cathode current of over two ampheres. Coating at 900 volts with 
a cathode current of two ampheres represents a 1.8 kW sputtering system. 
Under typical sputtering pressures of 0.5 to 1.5 millitorr, power dis-
sipation density at the cathode surface is then 90 watts per ant (which 
is among the highest attained anywhere). The cathode current density 
in this magnetic field - assisted system is three orders of magnitude 
(1000 times) higher than that in conventional DC sputtering systems. 
6 
The operating voltage of 300 to 1000 volts, is also much lower than the 
2.5 to 10 kV typical in conventicna: sputterir„? systems. High sputter 
coating rates are hence obtained. 
The sputtering atmosphere control system developed requires 
flexibility. In the present instance, two types of gaseous atmospheres 
are necessary: (a) a low pressure argon environment for high rate 
sputtering of metals and alloys, and (b) a low pressure argon-nitrogen 
environment to synthesize and deposit hard compounds (reactive sputter-
ing). The integrated gas control system developed meets both these needs. 
The gases dispensed from the tanks at pressures of 5 psia are 
dried in molecular sieve drying columns and metered through needle 
valves into an oxygen trap. The dry gases mixed in the trap emerge 
oxygen-free and are admitted into the vacuum chamber through a gas inlet. 
Typically, the argon flow rate is 5 SCCM during glow discharge 
cleaning. During sputter coating, the total gas flow rate through the 
system is about 4 SCCM, or as needed. In course of reactive sputtering, 
the argon flow rate is 2 SCCM, while the nitrogen flow rate is 2.5 SCCM 
(Values found empirically to yield golden yellow, TiN films). To 
obtain these specific flow rates, two needle valves are used. Two 
separate mass flow rate meters are used to control the sputtering atmos-
phere. Gas control manifold is shown in Figure 1.a.3. 
Two power supplies are used in conjunction with the sputtering 
system. The first one, a CVC Model LC-301, is a high reactance, variable 
voltage DC supply rated at 300 ma (continuous duty) at 5 kV (maximum 
voltage). The second one is a high current (2.5 amp) low voltage 
1. Argon Tank 
2. Nitrogen Tank 
3. High Pressure Valve 
4. Pressure Regulator 
5. Gas Flow Cut-Off Valve 
6. Drying Column 
7. Flow Rate Indicator 
B. 	Metering, Needle Valve 
9. Oxygen Trap 
10. Vacuum Chamber 
1 
FIGURE 1.a.3 SCHEMATIC ILLUSTRATION OF GAS CONTROL MANIFOLD 
7 
8 
(1000 V max) power supply, Hippotronics MODEL 801-2500, equipped with 
a high speed shut-off to protect the solid state rectifiers in the 
system. 
The CYC power supply is typical of that in commercial use for 
conventional DC sputtering. It was used in this program solely for 
glow discharge cleaning prior to coating. 
The main supply in commercial high rate deposition systems are 
also high reactance power supplies (usually limited to 800 volts). 
High reactance is considered to be essential for the protection of the 
supply system during arcing transients and sputter target flaking 
during high rate sputtering. When high reactance transformers are not 
a part of the power supply, a saturable core reactor is used to limit 
the cathode current during various instabilities. 
Instead of these usually high cost power supplies, an off-the-
shelf power supply (Hippotronics Model 8100-2500) was used in this 
program. To obtain system stability, a to resistance, high current 
inductor connected in series with the sputtering head was used. The 
30-ohm, 1.25 amp. inductors used (SH) are fully able to suppress all 
but the most severe arcing transients. System could be operated 
routinely, once stability is attained, for longer than one hour at 
a time, fully unattended. 
b. Coating Practice  
In a typical sputtering run, the components to be coated are 
washed with water and detergent followed by ultrasonic cleaning in 
acetone. They are withdrawn from the acetone bath, dried with a blast 
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of nitrogen and placed on the specimen carrier plate of the sputtering 
Chamber. Once the substrates (specimens) to be coated are placed in 
the vacuum chamber, the chamber is rough-pumped to a pressure between 50 
and 100 rrillitorr. Roughing valve is then closed and dry nitrogen 
admitted into the vacuum chamber to a pressure to 5 torr. The vacuum 
chamber is pumped again to better than 100 millitorr. It is back 
filled with dry argon to 5 torr and evacuated again to a residual 
pressure of 50 millitorr. 
On reaching 50 millitorr, the diffusion pump is used to 
evacuate the system to its limiting pressure (approximately 10 -b torr). 
This pumping sequence is followed to desorb as much of the contaminating 
vapor species (mostly water vapor) as is possible. 
After approximately five minutes at limiting pressure, argon 
gas is admitted into the system and the gate valve is adusted to obtain 
a steady chamber pressure of 20 millitorr. A negative potential 
between 2 and 2.5 kV is applied to the substrate and the substrate is 
glow-discharge cleaned. Glow discharge cleaning is carried out for 
15 minutes. Power dissipation during glow discharge cleaning (100 to 
125 watts) is sufficiently low to preclude large temperature rise 
during cleaning (heating up to 100 to 150C is desirable to desorb 
water vapor from surfaces to be coated). 
Following glow discharge cleaning, argon flow is reduced to 2 
SCCM and the high vacuum valve is readjusted to maintain the chamber 
pressure at 2 to 5 millitorr. With the shutter still in position, 
a negative potential is applied to the sputtering cathode (with the 
speciment at ground potential) and the voltage raised until a stable, 
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low current magnetron discharge is initiated. The pressure is then 
dropped to between 1 and 2 millitorr and cathode current raised to 
between 500 and 600 ma. 
As the contaminant gases are sputtered away from the target, 
the initial pink-violet discharge changes color to an intense blue. 
Once the intense blue is obtained (due to titanium sputtering), the 
shutter is rotated out of position and titanium deposited on the 
substrate for up to two minutes (maximum cathode current during this 
phase is 1000 ma ) . Nitrogen gas is then admitted into the system 
(flow rate of 2.5 SCC ■1) and high vacuum valve readjusted to maintain 
the pressure between 0.5 and 1.2 millitorr. 
On the admission of nitrogen, due to its inefficient sputter-
ing, system current drops by approximately 55%. Sputtering pressure 
and voltage are then adjusted to raise the system current to 1000 ma. 
Under these conditions, Titanium is sputtered off the target at a rate 
greater than that possible for nitrogen to condense on its surface. 
TiN synthesis in the vapor phase ensues to yield golden-yellow nitride. 
If golden-yellow TiN is essential it is absolutely necessary 
to operate the system at high cathode currents, low pressures and high 
voltages. In the course of this program, it has been found that the 
best TiN films are produced with the present system at the following 
operating conditions. 
System voltage 	925 to 950 V 
Cathode current 	1000 to 1200 ma 
System Pressure 	1.75 to 2.25 millitorr 
Substrate-Cathode Distance 
Argon flow rate 
Nitrogen flow rate 
Magnetic Field strength on 
the cathode surface 
(other pole) 
Cathode diameter 
4.5 to 6 cm 
2 SCC\1 
2.5 SCC, 1 
1200 Gauss 
5 cm (nom final 2 inches) 
1 1 
Typically a coating run is for 30 to 60 minutes. Following the coating, 
nitrogen flow is cut-off and the system left in place to 'cool down' 
for 30 minutes. After shutting argon flow and isolating the vacuum 
Chamber from the pumping system, air is bled into the system and top 
plate removed to take the coated specimens out of the coating system. 
Principal heating during coating is due to the condensation of 
the TiN on the substrate surface. There is some secondary heating due 
to 'electron leak' from the vicinity of the central pole piece. Measure-
ment of specimen surface temperature immediately following the cessation 
of coating shows that surface temperatures do not exceed 375F. 
c. Coating System Qperating Characteristics  
While metallic coatings are easily produced at a variety of coating 
conditions, coatings of hard compounds (with specific stoichiometry) 
require particular combinations of operating voltages, coating pressures 
and atmospheres. These factors were recognized during system design. 
System developed hence permitted desired hard coatings to be deposited 
routinely. Typical operating conditions necessary to produce needed 
wear-resistant coatings are shown in the previous section. 
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As expected from plasma coating theory, coating rate increased 
with decreasing coating pressures. Coating rate also increased with 
sputtering power. Some typical experimental results obtained are shown 
in Figure I.C.1. 
In magnetron sputtering, the coating flux is obtained from a 
planar, extended, non-homogeneous source. Thickness of the coating 
produced is a function of axial and radial distance from the center of 
the cathode. To assess coating uniformity, test samples were coated 
at various radial locations (axial distance was maintained constant), 
and thickness produced measured. The results obtained are shown in 
Figure I.C.2. 
A theoretical model has been developed to predict the expected 
coating thickness distribution. It was assumed that the strength of 
the source is proportional to the transverse field strength of the 
electron trap used in magnetron sputtering. The transverse field strength 
of the magnetic field used in the system was measured with a Hall probe 
assembly and used to calculate the expected coating thickness distribu-
tion. Measured values and expected values are in good agreement as may 
be seen from Figure I.C.2. Coating characteristics of magnetron sput-
tering systems are found to depend on magnetic field design (for electron 
trap). 
d.  Characterization of Wear-resistant Coatings  
Micro-hardness measurements and x-ray diffraction techniques 
were used to characterize coatings deposited. Micro-hardness measure-



























Figure 1.C1 Coating Rate as Function 





































Measured Strength of the Horizontal 
Component of the Applied Magnetic 
Field as Function of Radial Distance 
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Figure 1.C.2 Calculated Thickness versus Measured Thickness 
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hardnesses greater than H v.  2000 are routinely produced by reactive 
sputtering of titanium (to produce TiN). Titanium nitride, a defect 
compound, can possess a range of stcichiometries. Distinct colors 
are associated with specific ranges of stoichiometrv, golden-yellow 
being that of the perfect comound. This was obtained routinely. 
Since in sputtering, non-equilibrium structures are usually 
produced and the films deposited are under stress, x-ray analysis is 
not an unambiguous indicator of film stoichiometry. Additional x-ray 
analysis problems are introduced by preferred texture in coatings. 
Despite these difficulties, x-ray analysis suggests that the films 
produced are titanium nitride compounds. Expected x-ray peaks and 
those observed are listed in Table 111 .1. The data obtained is 
taken to indicate TiN film deposition. Supporting evidence is 
provided by microharctiess and color data. 
Films produced do possess substantial tensile residual stresses. 
By measuring the "bowing" of coated stainless steel foils, the residual 
stresses have been determined to be of the order of 200 x 10 3 psi (when 
coated on steel substrates). These large residual stresses can lead to 
adhesion problems in tribological applications. Hence tests are now 
in progress to lower the residual stresses. 
e. Tribological Evaluation of Coatings Produced  
To assess the utility of hard coatings (TiN) in non-ferrous 
automotive castings such as pistons, test blocks of aluminum, and 
magnesium alloys have been sputter coated with titanium nitride. 
Sliding contact wear tests (URC-1) have been carried out and wear 
Table I.D.1 
X-Ray Diffraction Peaks of TiN (ASTM Data) 
Reflection Plane 	 Spacing 






1 1 1 2.4480 36.68' 
2 0 0 2.1200 42.61° 
2 2 0 1.4991 61.84° 
3 1 1 1.2784 74.46° 
With Ni-filtered CuK a radiation. 










Computed values correspond to observed 28 values. 
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Table 1.D.2. LFIV-6 Test Results* 
TiN-Coated Sanples: Measured Values of 







Steel (AISI 1214) 0.09S 0.091 0.085 
Steel 	(AISI 10181 0.146 0.103 0.096 
Cast Iron 0.112 0.099 0.099 
(As Received) 
*Test duration 30 minutes 
Test surface and the counter faces were TiN coated. Coatings survived 
all the tests. All tests were carried out with n-hexadecane. Fluid 
used is not a lubricant. 
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Specimen Film Thickness 	Cord Length Total Deflection 
h: (p in) 
	
2L: (in) 	f: (in) 
A 81 1.478 0.0995 
B 43 1.515 0.082 
Measured Deflection of Stainless Steel 
Shim Stock after Nitride Sputtering. 
Configuration of Stainless Steel Shim 
Stock after Nitride Sputtering. 
E 	(H- "1) 
2 
)(f 
1 	3L 2 Lh 
0.2076 x 106 psi 
1 + 	1 	1 
% 
Young's modulus of TiN is 29 x 10 6 psi. Thus, elastic 
strains of 0.2076/29x 1007 are expected, B 0.71577.. 
P-Lh 1 
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coefficients determined. The results obtained are summarized in a 
paper to be presented in July 1981 in Brussels [IPAT 81 International 
Conference sponsored by the European Physical Society, Metals Society 
(London) and the Welding Institute (London)]. The paper has been 
accepted for publication in a forthcoming issue of 7%:::=: 
Briefly, the test results obtained show that well-adherent thin 
coats (5 	or less in thickness) offered excellent wear protection 
to non-ferrous alloys. At each hertzian contact stress level, full 
wear protection is obtained only above a film thickness threshold 
of the order of 1.5 to 2 m. Wear resistance is improved by several 
orders of magnitude (wear coefficients measured are tabulated in the 
paper). A copy of the paper is attached to this progress report. 
The LFW-1 wear tests (see Figure 1.e.1 for test geometry) 
are low speed, high stress friction and wear tests. To assess 
medium and high speed friction characteristics, LF1ti-6 test specimens 
(see Figure 1.e.2 for test geometry) (pure sliding) have been fabri-
cated and coated. One cast iron and two types of annealed steels have 
been used to fabricate test samples. Coated and tested samples exhibit 
wear protection due to the hard coating. Friction test results are 
surnarized in Table I.D.1. The results obtained suggest that wear 
protection can be afforded to such automotive components as cam shafts, 
tappets, etc., made of cast iron (preliminary test results). Additional 
and more extensive test program is now underway and the results will be 
reported in the second annual report. While hard coat adhesion is 
easily obtained with non-ferrous materials, significant problems are 
MAXIMUM 
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Figure 1.e.2 	Standard (sliding) and special 
(rolling) mode attachments for the 
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encountered in producing well-adherent coatings on hardened steels 
(valve train components are hardened irons and steels). Chemical 
surface treatments (prior to sputter coating) have been found to 
overcome the adhesion problems. Early tests in rolling hertzian 
contact tests (see Figure 1.e.2) at up to 150 ksi have been success-
ful. Additional LF1V-6 tests on a variety of automotive alloys 
(sliding contact and rolling contact tests) are now in progress and 
are scheduled to be completed by 30 December 1981. A summary of 
test results obtained will be reported fully in Phase II final report. 
f. Soft Coats  
Techniques for D.C. sputtering of dichalcogenide soft coats 
have been developed. Preliminary tests (LFW-6 type) show that soft 
coats have a limited life. Coating adhesion problems are also 
encountered that do not appear to be surmountable by chemical surface 
conditioning prior to coating. 
Previous work on chalcogenide coatings NoS,, for example) 
have always used RF sputtering to obtain well-bonded coatings. It 
would appear that RF sputtering may in fact be essential. 
This coating problem was expected and, as a part of phase I, 
a budget provision was made to procure a RF power supply. A 1.6 kw, 
"Plasmaloc" power supply has been procured (Delivered 17 July 1981). 
The system has been integrated with the existing coating system and has 
been rendered operational. Capability for RF sputtering now exists and 
soft coat activity has been reactivated at 125 kHz. 
Test data obtained with RF sputtered soft coat films will be 
reported in the semi-annual report due on 30 December 1981. 
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g. Work in Progress  
Tribological pairs found in automotive engines and transmission 
systems require substantial wear life. By hard and soft coating, wear 
life and wear-in characteristics can be improved to attain better 
economy. To preserve these characteristics, the coatings deposited 
must be well-bonded to the substrate. Retention of improved tribologi-
cal characteristics depends critically on coating-to-substrate bond 
strength. 
Quantitative bond strength tests are not available. 'Peel' 
tests subject coatings to plastic bending. Measured quantities 
contain non-quantifiable contributions due to plastic bending of 
coating. Stress state in "scratch" tests is not determinable. Hence 
both these tests are not satisfactory as quantitative film-to-substrate 
bond strength tests. 
By coating substrates and monitoring the film during stressing, 
substrate stress at film debonding can be determined. Elastic displace-
ments in the substrate and coating will have to be the same just before 
film debonding. Equality of displacements at the coating. substrate 
interface and elastic modulii, then allow the interface shear strength 
T * to be determined. 
The interface shear strength T * determined experimentally are 
shown Tables 1.e.1 and 1.e.2. A steel metal strip 1/2" x 4" of thick-
ness d (variable) was coated with a film of thickness t. The coated 
composite of thickness (d + t) was bent to a specified radius R 
(variable) to subject the coating-substrate interface to a shear stress 
T given by 
Table 1.e.l. Bend tests for coating adhesion 
1) Without sputtering cleaning: 
a) Matrix: Aluminum 
	
Gm = 3.8 x 106  psi 
Coated film: Titanium 
	
Ef  = 15 x 10 6  psi 
d (in) To  max (psi) 2.6 um 3.9 ur 5.2 um 
R(in) 
1.0 5,000 6,120 	7,070 
0.012 
0.5 9,950 12,180 14,0 -0 
1.0 9,020 11,050 12,760 
0.040 
0.5 17,760 21,760* 25,120* 
coated 	m debonde 
b) Matrix: Stainless Steel 	Cm = 10.6 x 10 6  psi 





(psi 3.1 um 4.1 um 5.1 um 
R(in ) 
3.2 --- 6,680 --- 
0.05 2.5 --- --- 9,510* 
2.25 8,230 9,470* 10,560* 
1.375 13,400* --- --- 
coated 	m debonde 
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Table 1.e.2. Bend tests for coating adhesion 
1) With sputtering cleaning: 
a) Matrix: Stainless Steel 
	
Cm = 10.6 x 10 6  psi 
Coated film: Titanium 	Ef = 15 x 10 6  psi 
7 	max d(in) o . )\ 
(Psi 
R(in) 
3 um 5 um 
1.0 18,030 
0.050 0. - 5 23,880 
0.5 33,980 43,870 
0.25 65,440 
b) Matrix: Aluminum 
	
Coated film: TiN 
= 3.8 x 10 6 psi 
	
Ef = 29 x 10
6  psi 
d(in) 
\ t 
.,:,l o Tr.1%, 
......,,L1 	\\ 
R(in) \\a ..., 
1 
! 
j 	3 um 4 um 5 um 
0.040 0.5 0.25 
26,530 30,640 34,250 
66,440 
c) Matrix = Stainless Steel 
	
Coated film: TiN 
Cm = 10.6 x 106  psi 
	
Ef = 29 x 10






3 um 4 um 5 um 







NOTE: None of the films failed in these tests. 
2 5 
2 E) 
0.6d 	lit • CM Ef 
T - (R + 0.4d) 
where Gm is the shear modulus of the substrate and E f is the Young's 
modulus of the coating. 
If, as a consequence of bending the film did not peel off, the 
coating to substrate shear strength is clearly larger than T. Substrate 
thickness d, coating thickness t and bend radius R were varied to raise 
T till the film peeled off. Aluminum and stainless steel substrates 
were used. 
Test results obtained show that coatings deposited on well-
cleaned substrates yield coating to substrate bond strengths in excess 
of 20,000 psi (138 MPa) for Ti coating on aluminum, 60,000 psi (413 ?v a) 
for TiN on aluminum, 65,000 psi (448 MPa) for Ti on stainless steel and 
120,000 (827 MPa) psi for TiN on stainless steel. Well-bonded coatings 
are thus producible with the coating techniques developed. 
For tribological coatings to be successful, 7 * must exceed T the 
shear stress on the coating surface during frictional contact. The 
quantitiy T is given by (uon) where u is the friction coefficient and 
on is the normal stress. Thus a knowledge of T * and 1.1 allows, films 
failure normal stress o n to be calculated. Design contact stress an 
cannot exceed 0* to preclude film failure. 
The LFW-1 wear tests on TiN coated non-ferrous test samples 
show that bond shear strengths in excess of 27 and 48 MPa are obtained 
easily when magnesium and aluminum test samples are magnetron sputtered. 
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In practice the normal stress in boundary lubricated sliding pairs does 
not exceed 15 MPa. Bond strengths obtained are thus sufficient to 
withstand friction coefficients 	1. Similar data is being gathered 
presently for coated bodies of cast iron and steel (soft and hard). 
h. Summary  
Task I is directed at establishing viable coating techniques 
applicable to non-ferrous and ferrous automotive components (pistons, 
piston rings, cams, tappets, gear train and valve train components, 
etc.) in order to lower the frictional dissipations, enhance wear-in 
and to lower wear rates. Magnetron sputtering technique has been 
chosen as a viable technology (This technology is now in use in 
G.M., and has been used by Borg-Warner for automotive and transmission 
applications). 
A coating system has been developed and tested. Friction and 
wear tests have been carried out on selected non-ferrous materials. 
It has been demonstrated that significant modifications in tribological 
properties are possible and are obtained without difficulty. Preliminary 
tests have been carried out on a cast iron and two steels (both in the 
annealed condition). 
Additional tribological studies and film-to-substrate bond 
strength studies are now in progress. Further development of soft coat 
techniques are also being pursued. 
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METALLURGICAL AND PROTECTIVE COATINGS 
MAGNETRON SPUTTERING OF NON-FERROUS AEROSPACE A LL01 S 
FOR WEAR PROTECT ION• 
S. R 451ALING A51. 1. SHIMAZAKI AND V. 0. WINFR 
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The light-weight non-ferrous alloys (titanium. aluminum and magnesium 
alln ■ si used in aerospace applications are prone to se)ere near in small-
displacement and large-displacement uniuhrii:ated contacts Fen mctallqrgic.:l 
means aria \ :11!;INC for the surface protection of this class of materials Deposition of . 
 hard compounds bt sputtering pro\ides simple means of prolc.,:ting such suriac.:s 
coatini2 and trihologica I studies ,oated samples w ere therefore rr led out 
The results ohiained arc presented in this paper 11 is show r. that ma iinetron-
sput Iced TIN hard coatings do pro\ ide the required near protection 
I 	INI Runt ( (Ii is  
Non-ferrous allots of aluminum. magnesium and titanium are light-weight 
material. F urther. the precipitation-hardenahle alloys of aluminum and titam un -
possess high strength-to-weight ratios. The ∎ also elthibit eNcellent fracture 
toughnesses. These characteristics ha\e lcd to the Id: use of aluminum. titanium 
and matnesium alio ■ s in aerospace appLations. 
These non-ferrous alto,. are soft. In their hare form. in sliding contact without 
lubrication, the light-weight alloys are prone to severe adhesive and abrasixe wear 
Scuffing and galling occur readily. Surface protection through surface treatments Is 
essential if these alloys are to be used efficiently in applications where bounciar - 
lubricated or unluhrieated contact with a counterface a una oidahle. Protection is 
also nccessar) in fretting ens ironments. 
Metallurgy of these allo ∎ s. however. does not allow the use of routine surface 
treatments that are common for iron and steel alloys (surface and case-hardening 
treatmentst Treatments in% ol) ing high temperatures are also not possible for 
aluminum and magnesium alloys since the) melt at moderate temperatures 
Precipitation hardening. common!) used to improve the ) field strength and fraction 
toughness. also in) oh es treatment temperatures only some 100 200 C above room 
temperature. Surface treatments involving elevated temperatures are therefore not 
suitable for improx ing the friction and wear properties of non-ferrous alloys. 
• Paper preaented at the 1rd International Conference on km and Plasma Assisted Techntque, 
Amsterdam. The Setherlands. June 30 Jul,'. NS! 
00441 - 6114(.1 	►0(10 -9900 	 F ke% ler Sequoia Printed in The Net her land• 
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The tribological properties. how ever. can be improxed greatl) bs replacing the 
surface layers of these allo y s with other materials. Conversion coatings and 
anodization are examples. Deposition of thin coatings is yet another way of altering 
surface properties. A wide range of materials can be deposited without the 
limitations inherent in comersion coatings and anodization. Deposition of thin 
coatings at room temperature or low temperatures will preser‘e the strength and 
fracture properties and at the same time will pro% ide much better friction and wear 
properties 
Earlier studies' carried out on 6061 aluminum allo ∎ s have demonstrated that 
thin hard coatings of TIN are useful for imprming the w ear properties of light-
weight allo ∎ s The present stud ■ was undertaken to assess whether the same hard 
coating techniques are also useful for improving the wear resistances of other 
aluminum alloys as well as those magnesium and titanium alloys. 
2. R 4TION ;1 F tOR 1H1 CH111(1 1)1 COATI•( , PFMCFSS kNI) ((lATI ♦ C, MATER' Al 
Reactke magnetron-sputtered coatings of Ti \ ha e been used to protect the 
non-ferrous allo\ surfaces' The process and material selection were based on the 
considerations outlined belov, 
Soft coatings of metals such as lead ha ∎ e been used to o ∎ ercome the friction 
and w ear problem , encountered with non-ferrous allo ∎ s Soft films. however. wear 
graduall ∎ and the protection is e\ entuall ■ lost The endurance life of soft films is 
function of the operating en\tronments' but is finite Ho ,.ke\ er. this is not the case 
with hard coatings 
In a sliding contact between a soft base material of hardness H, and a harder 
counterface of hardness H,. the rate of wear of the soft material depends on the 
hardness ratio H, H, Unlubricated wear tests b ■ krusehoN' ha \ e shown that sera 
rapid w ear of the soft base material occurs w  when the H, H, ratio is of the order of 1.5 
and chose, 1A ear is light w hen the ratio is of the order 010.'2 1.15 Similar results 
halve been reported b ∎ Richardson': this has led Hailing" to suggest that an H H, 
ratio of 0.4 is essential to make the wear rate of the soft substrate negligible. This 
implies that a hard coating with a hardness some 2.5 times that of the counterface 
will ∎ ield w ear protection to the base material Ithe substratei Wear is now restricted 
to the hard counterface. Since the coating "will not wear. thick coatings are not 
necessar ■ . 
If the counterface is a steel. since the maximum counterface hardness in 
engineering use commonly lies in the Vickers hardness range 600-800 kgf mm 2 (for 
the hardened steel counterfacel. coatings with Vickers hardnesses of 1500-2000 kgf 
mm 2 are sufficient for the total wear protection of non-ferrous substrates. Hard 
compounds of refractory metals I WC. TiC. TiN etc.) meet these requirements. The 
hard coatings promise indefinite wear life. An adequate coating hardness is a 
necessary condition. 
Hard coatings are not usually used with soft substrates since differential strains 
at the coating-substrate interface can cause film failure. To offset this risk. when 
hard layers are used on softer substrates for wear protection. they are generally thick 
(of the order of 1 mm or more when case hardening. plasma spraying etc. are used) 
provided that hard coatings can be deposited without geometric defects. This is not a 
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theoretical requirement. The thin hard coating can be treated as a Griffith solid 
High fracture stresses and fracture (tensile) strains must then be expected. The thin 
coating may be treated as a compliant coating. ideally. the coating should hate the 
same elastic properties as the substrate. but this is impossible When the coating is 
well bonded. they iolation of this requirement is not very serious As close a match as 
possible is desirable. Thin hard coating , satisfactorily bonded to the substrate thus 
meet most of the requirements necessary and sufficient to provide wear protection 
The use of thin hard coatings precludes large temperature gradients across 
them and limits the propensit\ of the coating to dehond The other characteristic of 
importance here is the product E7 where E is Young's modulus and 7 is the 
coefficient of thermal expansion. Thin coatings of hard metal compounds with small 
E2 products arc thus preferred for the wear protection of non-ferrous alloys. 
Nearly all the hard compounds of refractory metals IWC. W.C. TIC. TiN. WC. 
Hr.. ZrC etc meet the hardness requirements The product Ex consideration , 
 fay or titanium. hafnium and zirconium compounds. in that order. The final choice 
among these w ill hate to he based on factors related to the choice of deposition 
process and the ease of coating deposition 
The substrate temperature permissible during hard coating restricts the 
alloy, able coating processes. Plasma-assisted coating is essential to obtain the 
required coating-to-substrate bond strength. Vacuum sputtering processes are the 
candidates. RI and d.c. sputtering can meet the requirements Ion plating cannot he 
used because of the uncontrolled temperature rise and the possibility of gas (argoni 
occlusion during film deposition Reactise ion plating also requires close control of 
the ton-plating atmosphere to produce the required stoichiometry. 
The film thickness required lies in the range I 10 	The coating rates 
feasible with r.f and conventional d.c sputtering are loss. Magnetron sputtering is 
preferred. this process also permit , reactive sputtering IA nh inexpensi ■ e metallic 
targets The a ailability of titanium and zirconium in plate and sheet form makes 
titanium and zirconium compounds the prime hard coating candidates Titanium is 
a better "getter - than zirconium and is preferred for sputter coating in a cleaner 
Vacuum. 
In the reactive sputtering of titanium to produce TIC and TiN. the use of Ar 
h\drocarhon and Ar N environments is essential Nitrogen is a more reactive gas 
in the plasma em ironment. Concurrent synthesis and deposition of TiN are fairly 
ecis ■ • ". The use of N, also avoids the risk of hydride formation. Well-bonded 
coatings are routinely produced by reactive magnetron sputtering". Thin hard 
coatings of TiN were therefore selected and deposited with magnetron sputtering in 
this study to assess the ability of TiN to protect aluminum, magnesium and titanium 
alloy s from wear. 
EXPERIMPCIAL NIATEKIALS AND MFTHODS 
Test samples 10.16 mm x 15.75 mm x 6.35 mm suitable for friction and wear 
measurements in a Fay ille-LeVall ■ Alpha model LFW- i wear tester were machined 
from rolled plates of 2024-T351 aluminum and Ti-6A1-4V. Magnesium samples 
were machined from magnesium alloy castings (Mg-4.25Zn-1.25rare earths-0.5Zr). 
Surfaces to be coated were prepared by wet grinding in a metallographic polishing 
3 C) 
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calculated by measuring the indentation hardness and using the cell-known 
relation 
yield strength =3 x indentation hardness 
Calculations and friction and wear observations show that the elastohydrod)namic 
lubrication load-carrying component of the lubricant film uas insignificant Neu 
test rings and fresh oil were used in each test. Test conditions used with the three 
hard contact substrate materials are shown in Tables I and II 
TABLE 
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5. TEST RESULTS AND DISCUSSIoN 
Friction and wear test data are presented in Tables 1 - 111 for the Coated and 
uncoated test samples. As mentioned earlier, three different film thicknesses were 
used for the aluminum alloy substrates. In addition to the standard maximum 
hertzian pressure (which is equal to 0.62 of the yield strengthl normally used. a 
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unit. Fresh 600 grit SiC was used to produce a standard initial surface roughness in 
all test samples. The wet ground samples were repeatedly washed in distilled water 
and acetone and were then dried with a blast of Cleaned specimens were placed 
in the sputter-coating chamber with minimal delay. 
The TiN coating was deposited by operating a d.c. magnetron coating system in 
the reactive sputtering mode An Ar-N, atmosphere was used The hard coatings 
w ere deposited at an operating pressure of 0.09-0.15 Pa. By varying the deposition 
time icoatirp: rate. 120 nm min 	films ranging in thickness between I and 4.5 pm 
%%ere produced The s ∎ stem used is the same as that used in an earlier work 
obtain the re.2uired coating-to-substrate bond strength. the test samples were 
sputter cleaned initiall ■ at a pressure of 2 7 Pa for 5 min .A movable shutter was used 
to present target contamination during sputter cleaning. The reactive sputtering 
conditions (operating voltage. cathode current densit ∎ . gas mixture composition. 
flow rate etc.) used in the present wort, were identical with those reported earlier ° . 
Usinc these conditions. hard coatings of Vickers hardness 1900 kgf mm -2 1 are 
routine) ∎ produced The golden- ■ el ov, films produced exhibit lattice parameters 
wlth.n 1' 	2' . of the theoretical value From lattice parameter and X-ray diffraction 
studies the films were iudi.ied to be stoichiometric or nearly so. For stoichiometry 
measurements. R ut herford backscattering studies are preferred and are in progress 
.4 1 \ AI I ATI(r■ (it RIC TIC ) AE 	LAR CHARACTERISTICS 
Friction and N ear studies were conducted on a Fa \ ille- LaVally Alpha model 
Ll-N\ -1 test machine using procedures gi\ en in the ASTM Standard'''. All tests were 
carried out at a sliding speed of u l m s I . An unformulated paraffinic mineral oil of 
\ iscosity 26 mm = s at room temperature was used in the tests. Test rings hardened 
toa Rockwell C hardness of 61 63 w h a surface finish of 0.4 um tr.m.s.tw ere used A 
t. pical test sliding distance for hard-coated specimens was 550 m. Tests on uncoated 
samples \ 1/4 OTC terminated w hen the \ OlUnle of wear was excessive. Figure 1 shows the 
dimensions of wear scars produced on bare samples when the tests were terminated. 
j 2C0'," 	
i2Our , 






Fig 1 Surface profile, of wear scar, for to (TIN-coated magnesium (upper profiler for a sliding distancr of 
550 m and uncoated magne,ium dower profile( (or a sliding distance of 231 m )load. 23.1 rn and 
lhi TIN-coated titanium (upper proftiei for A sliding distance of 550 m and uncoated titanium flower 
profile! for a sliding distark:c of 2 rn kN m '1. 
2, 13.3 
Tests on aluminum. titanium and magnesium alloys were carried out at 
maximum initial hertzian pressures (block-on-ring test geometry: nominal line 
contact) equal to 0.62 of the calculated yield strength. Yield strengths were 
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second set of tests were carried out at a hertzian pressure of 0.S5 of the yield strength 
for the cast magnesium alloy stTable 
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S. 	I I 
The test resu!ts presented show that TIN coatings not less than+ 3.6 in thick 
reduce the Near 7- JP,: of 2H2-4 alum,inum al1oys by apprommatek two orders 01 
magnitude The Near protection atTorded to titanium is more spectacular Titanium 
N known to gal! and wear se‘erely In sliding contact. The mass loss in the hare 
titanium alloytest in only 2 m of sliding is 5.15 e whereas the mass loss of TiN-
protected sample is ;wean! (.. i. . wear debris is transferred to the counterface. The 
reduction in the wear coefficient is more than three orders of magnitude when a thin 
3.6 pm TIN hard coating is used to protect titanium alloys 
For the cast magnesium alloy. the 3.6 pm thick hard coating is sufficient to 
obtain wear resistance at ma imum contact stresses equal to 0.62 of the yield 
strength The higher contact stress tests indicate a gain in wear resistance. but not 
wear protection Apparently a thicker hard coating is essential This 
obser \ anon is similar to that w ith a thin coating t I prni on aluminum 
6 SUMMARIZING REMARKS AND CONCLUSION'S 
Light-weight non-ferrous alloys commonly used in aerospace applications arc 
prone to se \ ere wear in sliding contact. Theoretical considerations suggest that 
impro\ements in wear resistance are possible with thin hard coatings. Magnetron-
sputtered hard Coatings of TIN may pro\ ide the required wear resistance. 
Sliding wear tests carried out with hard coatings pm thick show that TiN 
films 3.6 pm thick are sufficient to reduce the wcar rate to negligibl ∎ small levels 
pros ided that the contact stress does not exceed 0.62 of the yield strength. 
All three allo y s of interest in aerospace applications can be protected with TiN 
hard coatings. The rationale for the use of hard coatings to improse the wear 
resistance of soft materials. outlined in Section 2. is confirmed. 
The absence of dehonding demonstrates that well-bonded TiN hard coatings 
can be produced by reactive magnetron sputtering. Coefficient of friction 
measurements show that coating-to-substrate shear strengths in excess of 27 MPa. 
48 MPa and 95 MPa can be produced in magnesium. aluminum and titanium 
substrates respectixely. Commonly. the contact stress under boundary-lubricated 
MAGNETRON SPUTTERING 01 NON-FERROL S. ALLO1 S 
sliding contact conditions rare!) exceeds 20 MPa. The bond strength required is 
obtained easily 
ACA N OWL EDGM L N TS 
The authors thank Richard Marks. Pratt and Whitney. Mississauga. Ontark•. 
Canada. for the pro ision of the magnesium alio ∎ test samples. We thank Mrs J 
\ an Hook fo: careful manuscript preparation 
The results reported here v ■ ere obtained in the course of a tribolog ■ research 
program funded tl ■ the LS Department of Transportation, under Contrael 
DIRS5his(LC-(00x11.5 (Mr Ru••el Zuf-. Project Monitor. Transportation S ∎ ste7.1• 
Center. Cambridge. M 
RE). t itl CF_S 
N Jr,i 	() 11 •rh.: 1 ri!,o.op...3! cxps 	 r. r,:..,.,!. or - , 11 
N1 .1 'Todd .1nd R H Ekry".11. Load Film. Luhri,Jtior. In 	J.uurr. 	 ( 
• .• 	 Sooel ■ 	Luhri...11,on F npnc:r• 	 rr lay 1 ,- 
T•LINJ Luhri.ator. ith mol ■ hJenum d;..ulhd,e tiin) under ■ driou , conJition•. 	 ( 
1 	 AmoriLdn So-..- Ic ■ 01 Luhrh.- 3tior: 1.npneer• 	 r 
4 
	
%1 kru•,.ho% 	 o! Jhrdo ■ e wed, It 	( 1Q - 4 h4 
K ( D Richard-on 	144:47 	Mit.1:• h. rel..111%ci ■ so!: Jhr.,•• ■ e• 
I' , 	 • "I 7 , IP- 	 IQ" 




N P b■ti gn,n r or d 	re4 ,1, \ • sroi cr , rq- 0 ! dt,niur, 	 1 , r owc r I  „, 
S 	 Jr)..! 'A 0 V4 Inc 	 ,puic...rcj 1 r 	 'or triboioch.- 4i appl;;J:lor• 
/ '1.• 	 ( 	 2 -4 
\711 	 146.. 
34 
35 
TASK II: SHEAR RHEOLOCICAL CHARACTERI2ATION OF LIQUID LUBRICANTS 
(MOTOR OILS) 
Although tribosystems are necessary for the function of automotive 
systems, contact friction is a significant source of energy loss which 
reduces automotive fuel economy. The objective of the rheology portion 
of this phase of tribolog• studies was to measure the shear rheological 
properties of a group of automotive engine lubricants to determine the 
affect of lubricant composition on traction (friction) in concentrated 
contacts. Concentrated contacts occur in automotive systems at cams, 
gears and rolling element bearings. Traction drive mechanisms which 
are frequently discussed as future transmissions, also rely'on concen-
trated contacts. To some degree lubricant behavior in concentrated 
contacts is indicative of its expected behavior in the ring-cylinder 
contact and in the high shear rate conditions of journal bearings. 
The authors have shown [ref. 1,2] that the traction in concen-
trated contacts can be predicted by their limiting shear stress model 
using three primary rheological properties of the lubricant -- the 
low shear stress viscosity, the limiting elastic shear modulus, and the 
limiting shear stress. Of these the limiting elastic shear modulus is 
important only for small shear strains of the film (less than three 
percent). Since practical systems quickly develop much greater strains 
than this, only the low shear viscosity and limiting stress are 
important for the evaluation of traction in automobile engines. 
The low shear viscosity can be measured in a high pressure 
falling body viscometer (ref. [1]) and the limiting shear stress for 
comparison purposes can be obtained from concentrated contact traction 
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(shear stress) measurements (ref. [3]) in the form of the property 
averaged over a range of pressures. These measurements have been made 
for twelve commercial motor oils, the ASTM High Reference oil, and 
a pair of unformulated base oils and a pair of blends of polYalkyl-
mythacr•late polymer (RIA) and one base oil. 
In addition, film thickness measurements were made for all 
samples to assess whether or not the traction measurements were made 
under full film conditions. These film thickness measurements allowed 
the calculation of an effective contact inlet viscosity and the subse-
quent comparison with measured low stress viscosity. This effective 
inlet viscosity is the high shear rate viscosity which can be expected 
to be indicative of the high shear rate viscosity important to journal 
bearing performance. The difference between the kinematic viscosity and 
the high shear viscosity is a function of the polymer type and concen-
tration. 
FLUID SAn7iES 
Twelve commercial automotive engine oils typical bf those in 
common use were obtained from service stations and auto parts retail 
stores. Descriptions provided by the manufacturer are listed in 
Appendix 1. They include five oils formulated for fuel economy, six 
SAE 10W-40 grades, three 1014'-30 grades, and one each of 20W-50, 30, 
and 5W-20 grades. One is of synthetic base stock. The others are of 
refined petroleum base. 
Also included in all tests run on the commercial oils was AS111 
37 
High Reference Oil (FIR) because this oil has been proposed as a standard 
for comparison in the ASTM Fuel Efficient Oil Program. 
Two unformulated base oils and two blends of one of the base 
oils with two polyalkylmethacrylate polymers of different molecular 
weight were included in most tests to assess the effectiveness of V.I. 
improver alone. They are also described in Appendix 1. 
EXPERI!"172\71-AL 
Viscometer  
The viscometer used for these studies is shown in Figure 1. It 
is of the falling body type. The sinker is made of a magnetic material 
and translates through a thin brass sleeve plugged at one end and sealed 
at the other by an isolating piston to separate the sample from the 
pressurizing medium (Diester). Shearing of the sample occurs between 
the sinker and the sleeve inside diameter. The sleeve is housed in a 
non-magnetic vessel which is surrounded by a linear variable differen-
tial transformer. 
The pressure of the medium (up to 0.66 Pa) is generated in an 
external pressure intensifier and measured with a precision Heise 
bourdon tube gauge. The viscometer is enclosed in an air-oven for 
temperature control (25-230C) and is inverted to initiate a fall of the 
sinker. For a further description and additional results, see (ref. 
[4]). 
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EHD Simulator  
The concentrated contact simulator is shown in Figure 2. The 
contact geometry is that of a crowned roller against a flat disk. The 
ellipticity of the contact can be varied from approximately 0.3 to 3 
by varying the crown radius. All the data in this report are for an 
ellipticity ratio of 2.5 to 3. The disk is sapphire and the roller 
hardened 52100 steel. 
The disk and roller are both driven through timing belts by a 
single variable speed motor. Therefore, the relative rotational speeds 
of the two surfaces are fixed by the timing gears. The rotational 
speeds are determined by a photo-optical tachometer on the drive motor 
shaft. The rolling speed or entrainment velocity is varied by the 
drive motor speed while the slip velocity, and hence the slide-roll 
ratio, is varied stepwise by the timing gears and continuously 
(t 0.07 about a mean) by the radial position of the roller contact on 
the disk. (The slide-roll ratio is defined as the difference between 
the velocities of the two surfaces divided by the average of the two 
surface velocities.) 
The continuous variation of slide-roll ratio is accomplished 
through the slide-roll micrometer which moves the roller support along 
a linear bearing in a direction perpendicular to the disk rotational 
axis thereby varying the radial position of the contact on the disk. 
This causes the surface velocity of the disk at the contact to vary, 
hence varying the slide-roll ratio. The slide-roll ratio micrometer 
has a multi-turn potentiometer attached which results in an electrical 
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voltage proportional to the slide-roll ratio to facilitate recording 
the traction slide-roll ratio curve. 
The side slip at the contact can also be varied through the 
side slip micrometer which moves the center of disk rotation perpen-
dicular to the axis of roller rotation. If the axes of rotation of 
the disk and roller intersect, the side-slip is zero. The side-slip 
angle (&) has a significant influence on the traction in the low 
slide-roll ratio range (less than approximately 10.03;). All the data 
reported here was taken with zero slide slip. 
The contact load is applied by a dead weight hung on the disk 
axis through a thrust bearing to prevent the weight from rotating. The 
weight is supported by the concentrated contact. The horizontal 
position of the disk axis is maintained at the drive gear by a ball 
bearing which is free to move axially and from above the disk by a 
flexible frame which resists the torque and motion along the roller 
axis of rotation. The horizontal position is laterally restrained in 
the direction of contact traction by the side-slip micrometer with a 
piezoelectric force transducer link to measure the contact traction. 
The piezoelectric traction transducer is very stiff (1 GN/m), has a 
flat frequency response to 10 kHz, and a force resolution of 0.01 N. 
The signals from this traction transducer and the slide-roll ratio 
transducer are connected to the y and x axis respectively of an x-y 
recorder to record the traction slide-roll ratio curve. 
The disk, roller and roller support carriage are all in an 
enclosure to permit bulk temperature variation and measurement. The 
enclosure acts as a reservoir for liquid lubricants. The liquid 
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lubricant sample required is less than 5 cm'. 
The major simulator operating variable ranges are: hertz pressures 
to 2 GPa (depending on surface materials), rolling or entrainment velocity 
to V = 3 m/s, and bulk temperature from room temperature to 120C. 
Because of the high mechanical stiffness of the simulator and the 
good transient response of the traction transducer, small geometric 
irregularities in the system which cause small variations in the contact 
load and kinematics result in traction fluctuations. These are partic-
ularly apparent at low slide-roll ratio where the traction dependence 
on slide-roll ratio is very pronounced near zero slide-roll ratio. Those 
fluctuations resulting from kinematic variations tend to be eliminated 
as slide-roll ratio increases and traction becomes less dependent on 
slide-roll ratio. Those fluctuations, due to cam action of the disk or 
roller, will continue to be observed at higher slide-roll ratio. 
Because of the flexibility of the device it is suitable for 
simulating a wide variety of tribosystems. For a further description 
and additional results, see ref. [3,5]. 
RESULTS 
High Pressure Viscosity Measurements  
In order to determine the low shear stress rheology of the 
lubricant samples their viscosity was measured as a function of pressure 
at the usual temperatures of 40C, 100C, and 150C. (The two base oils and 
two blends were measured over a greater temperature range.) These data 
are shown in Figures 3-14 and tabulated for the motor oils in Table 1. 
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temperature suggests that the lubrication mode is not full film but 
rather that as the temperature rises and the lubricant film diminishes, 
a greater share of the load and the traction is shared by the surface 
asperities. In fact, a "running in" effect can be seen in the first 
run where the traction level dropped for the measurement following the 
70C measurement whereas previous measurements showed successive increases 
in traction. This "running in" is carried over to Run 2 of Figure 1Sa 
where the traction curve is very much changed from Run 1. The calculated 
minimum film thickness for 80C is 0.052 1.1m. 
In Figure 15b, the same measurements were made for the roller 
after refinishing with 3/0 emery polishing paper and again for diamond 
lapping of the roller. The diamond lapping appears to reduce the affects 
of asperity interaction. It was decided to use a higher aspect ratio 
roller for the traction program to increase repeatability and reduce 
the peak Hertz pressure to that more characteristic of automotive 
practice. 
The traction program for the thirteen motor oils consisted of 
loading a polished roller against an optically smooth disk to give a 
contact with an ellipticity ratio of K = 3 (minor axis in the direction 
of rolling) and a peak Hertzian pressure of 0.74 GPa (107,000 psi). The 
side-slip angle was set at zero and the sample and enclosure brought 
to temperature. With the rolling (average) velocity at V = 1.0 m/s, 
a slide-roll ratio range of -0.08 < E < 0.06 was scanned and the traction 
recorded. See Figure 16 for an example of the data as received from an 
x-y plotter. The drive pulleys were changed to result in a slide-roll 
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ratio of 	E = 0.9. The traction was recorded for E = 0.9 and -0.9 
and the difference divided by 2 to arrive at an average traction. 
The traction coefficients for the thirteen motor oils are graphically 
presented in Figures 17-20. The traction is higher for: = 0.9 than 
for E= 0.05 in all cases indicating that the fluid behavior is 
primarily viscous at the high shear rates. The traction decreases 
with increased temperature (as is expected from limiting shear 
strength measurements of similar materials.) except for oils Ref. 
S-1, and S-6 at low temperatures. It is believed (Ref. [3]) that this 
is due to the oil film becoming very thick, allowing the pressure 
distribution to spread into the inlet and lower the peak fluid 
pressure. 
In addition, the traction behavior of the two base oils R620-15 
and R620-16, and two polymer-oil blends, R620-15 + PL4521 and PL4523, 
was measured for an aspect ratio of 2.5, peak Hertz pressure of 
PH = 1.0 GPa, and temperature of T = 26C. As is expected from limiting 
shear stress measurements [6] the four percent addition of the meth-
acrylate polymer reduces the traction coefficient of the R620-15 
(Figure 21). 
Film Thickness Measurements  
Optical interferometry was used to measure lubricant film 
thickness during the operation of the simulator. A microscope with a 
through the lens light source was focussed on the contact (Figure 1). 
A narrow band pass filter (Wratan 72B) with a dominant wavelength 
'A= 605 nm was used between the tungsten lamp and microscope. An 
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aspect ratio of K = 2.5 was used, resulting in a Hert: pressure of 
Pm = 0.80 GPa from a load, w = 25N, identical to that of the traction 
measurements. Nearly pure rolling (2 = 0) was obtained by removing 
the drive belt from the roller and allowing the roller to be driven 
by the disk. From the methods of Ref. [7] the minimum film thickness 
under these conditions was calculated to be within six percent of 
that during the traction measurements. 
With this interference technique, changes in thickness of the 
film are viewed as alternate light and dark fringes appearing in the 
contact. The film thickness where a bright fringe occurs is 
= 	(n + 	i , n = 0,1,2,... 
and where a dark fringe occurs is 
2 	-r7T - 7) , n = 0,1,2,... 
Where /4 is the phase change due to roughness of the roller surface 
and n is the fringe order. The fluid refractive index, 	was taken 
to be 1.5 in all cases. This leaves 14 to be calibrated for the 
particular system. 
For the seventeen fluid samples, rolling speed was increased 
with a light or dark fringe was observed in the center of the contact. 
The speed and fringe order was noted. For the thirteen motor oils the 
fringes were noted when possible for minimum film thickness. 
The system calibration was done with oil S-6 and is shown in 
Figure 22. A plot of fringe order On - 1/2 for dark fringes) versus 
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v0.67 . yields a straight line whose intercept is 
= = -0.42 
Since at V = 0, h = 0 , 
== = 0.42 2- 	' 
Film thicknesses were observed at 25C, 50C, and 75C and are 
plotted for all samples in Figures 23-39. The open symbols represent 
bright fringe values and the solid symbols represent dark fringe values. 
Also plotted are film thickness predictions from the relations 15], 
he = 2.69 Rx
U067G053W-0 ' 067 (1 - 0.61 e -0 '3K ) 
c) 
hm = 3.63 RN
U0 68 G04 • -W-0073 • 	(1 - e0.68 K ) 
for central and minimum thickness respectively. Where 
W - 2 ER 
U - ERx 
G = aE 
1 
2 
1-\/ 	1-v2 \ 
- 
1 
  2 ( El E2  
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E1,  E2' v1 and v2 are moduli of elasticity and Poisson's ratio 
for the disk and roller and R x is the roller radius in the direction 
of motion. The pressure-viscosity data measured and presented in this 
report were used in these calculations. 
For oils S-6, M-5, Ref., R620-15, and R620-16 which are known 
to contain no polymer V.I. improver the agreement between measured 
and predicted film thickness is satisfactory. For other materials 
the viscosity data predicts higher values than those measured. In 
particular, the measured film thickness for R620-15 + PL4523 
(2 x 10 6 M.W. P,V,LA) is one-third of the predicted value. For the 
experimental blends (R620-15 + PL4521 and R620-15 + PL4523) the film 
thickness predicted from base oil properties is also plotted and the 
measured values lie between each pair of predicted curves. 
From these plots it could be suggested that the rheological 
properties that determine the film thickness (i.e., v o and a in the 
high shear inlet region of the concentrated contact) for the polymer-
oil blend are reduced from the values measured for the blend at low 
shear stress to those more representative of the base oil. Since the 
pressure-viscosity coefficient of the base oil is nearly the same as 
the blend it can be assumed that a does not change and the viscosity 
is responsible for the reduced film thickness. Therefore an effective 
viscosity, liEFF, can be calculated from the film thickness data and the 
film thickness relations. These are tabulated in Table 4 and plotted 
against low shear rate viscosity for the oil with and without polymer 
in Figures 40 and 41 respectively. 
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CONCLUSIONS 
Rheological measurements for phase I of the tribologv studies 
consisted of pressure-viscosity, EHD traction (average lubricant shear 
stress in a concentrated contact), and EHD film thickness for thirteen 
motor oils and four well characterized experimental oils. 
Pressure-viscosity measurement does not distinguish standard 
motor oils from fuel-economy formulated oils, even between oils of the 
same grade and manufacturer (Figures 6 and 7). It does however separate 
these samples by SAE grade if all motor oil data is plotted in one 
figure. This has been done in Figure 42. This generalized pressure-
viscosity data may be useful for the prediction of EHD film thickness 
and therefore the design of automotive tribosystems and the specifica-
tion of automotive lubricants. 
No trend could be found which separated the traction character-
istics of mileage formulated motor oils and standard oils, even between 
those of the same SAE grade and manufacturer (Figures 18c and 19a). 
It is seen in Figure 43 that the traction behavior of the group 
of six SAE 10W-40 and three SAE 10-30 motor oils is a characteristic 
of the grade. If all motor oil traction data is plotted by viscosity 
grade, Figure 44 results. The ASTM High Reference oil and the 20W-50 
generated the highest traction while the 51V-20 provided the lowest 
traction coefficient of the group. 
It was seen that for the experimental oils of Figure 21 that a 
polymer V.I. improver can reduce the full film traction of the base 
oil to which it is added. It is believed then that the average 
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lubricant shear stress (full film traction) is determined by the base oil 
type and the presence of polymer V.I. improver. 
Of course these full-film traction and rheology measurements do 
not evaluate the effect of friction modifiers on the mixed regime of 
lubrication and it is suggested that the next phase include a mixed 
film traction program. 
Film thicknesses measured by interferometry agree well with those 
calculated from pressure-viscosity data using the Hamrock and Dowson 
equations [5] for the motor oils containing no polymer V.I. improver. 
However, the polymer thickened oils displayed a lower than predicted 
film thickness which can be related to a reduced effective inlet 
viscosity (Table 4). The film thickness measurements on the experimental 
oils confirmed the effect of polymer V.I. improver on effective viscosity. 
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Table 1. High Pressure Viscosities 
Re fe Tenet) 
011 




40 ATM 	65.7 	92.0 	68.2 	46.2 	71.1 	53.2 	71.0 
54.5 125.0 195.0 145.0 105.0 135.0 120.0 144.0 
69.0 	243.0 	405.0 	242.0 	196.0 	264.0 	279.0 	211.0 
134.0 986.0 1390.0 831.0 708.0 466.0 646.0 1222.0 
207.0 	3104.0 	4460.0 	3540.0 	2120.0 	2400.0 	2172.0 	1766.9 
276.0 	9775.0 11150.0 7440.0 6600.0 9430.0 6130.0 10817.0 
	
345.0 440900.0 	 13650.0 	17600.0 
414 
• 
100 	ATM 	7.46 	15.2 	11.7 	7.91 	11.6 	4.04 
	
8.94 
15.4 34.5 14.6 25.4 19.8 14.1 29.5 15.0 
690 	24.5 	44.9 	211.6 	22.6 	39.7 	24.5 
	
27.2 
65.4 138.0 56.3 103.0 72.2 52.4 61.9 56.9 
276.0 	245.0 	527.0 	527.0 	255.0 	244.0 	757.0 
	
325.0 
144.0 414 . 0 
11
1217'0 e 2594.0 1270.0 
101 7 .0 1074.0 1079.0 






















































2.92 	5.35 	. 	4.13 	3.16 	4.43 	3.07 	3.07 	4.24 	3.13 	3.41 	4.64 
4.41 8.87 6.99 • .5.05 6.73 5.03 5.35 6. 64 5.13 5.46 7.22 
7.70 	14.3 	10.4 	7.70 	10.3 	7.59 	4 . 20 	10.4 	4.34 • 	8.02 	10.59 
16.51 29.1 21.4 15.9 • 19.5 16.0 17.1 21.6 19.0 17.0 22.9 
c56.04 	115.0 	69.6 	53.2 	71.1 	51.4 	57.2 	63.2 	71.1 	52.4 	69 .9 
17 0 372.0 191.0 158 0 226.0 154.0 145.0 18''.9 2111.0 	4 	156.0 146 0 
4334.0 	
' f . 774.0 	477.0 	403.0 	500.0 	390.0 	0366.0 	446.0 	104.0 317.0 	519.0 
    
PP • 534 14Pm - 
,-r
n • 514 we PP • 574 mr3 "P • 338 Pre bP 548 Mil cP • 279 MPs dr . 517 MPn 
hSinker would not wove at this pressure. 	11/iscogity increwiiript with tire. 
	1 p 	443 M!'i 
Table 2. Pressure Viscosity Coefficients for Thirteen Motor Oils 
Reference 
T[C] Oil S-1 S-2 S-3 S-4 S-5 S-6 S-7 M-1 M-2 M-3 M-4 M-5 
40 alOT 18.4 20.0 23.0 21.9 17.8 21.5 21.1 19.2 23.4 20.4 23.0 17.8 17.1 
40 
ctOT 18.6 20.1 19.8 21.2 17.7 20.5 20.9 20.0 20.9 18.3 21.6 17.3 15.4 
100 15.6 15.9 14.7 16.3 15.4 19.5 16.7 15.9 15.4 16.3 15.6 15.4 15.2 
1 :7 
100 ciOT 15.9 14.3 13.3 14.7 13.6 15.1 14.8 13.9 13.4 14.7 13.7 13.6 12.3 
150 14.4 14.8 .13.5 12.6 13.1 13.8 16.4 13.7 15.7 12.6 13.0 13.1 14.2 
A 
150 'jar 12.1 12.4 11.4 11.8 10.9 11.6 12.8 11.1 12.8 11.8 10.9 10.9 . 10.8 
PRESSURP-V1SCOSITY CnEFFICTENT f1 Pll -1 
our [t ( En 





Table 3. Pressure-Viscosity Coefficients of Two 
Base Oils and Two Polymer-Base Oil Blends 
Fluid 	 T/C aT (10T 
R620-15 26 27.4 27.4 
40 21.9 21.9 
99 15.4 14.8 
149 10.7 11.0 
227 12.0 8.85 
R620-16 26 35.6 35.8 
99 19.8 19.8 
2 17 10.8 10.6 
R620-15 + 4523 26 25.5 25. - 
99 1 - .1 15.0 
227 16.8 10.3 
R620-15 + 4521 26 24.2 24.9 
99 15.0 15.3 









a = n cU OT 	dp T,p = 0 
 
Table 4. Effective Inlet Viscosity from Film Thickness Measurements 






















0. 18 	pm 
R620-16 270 229 SS 47.5 18 15.4 
R620-15 37 43.0 12 11.0 5.25 -- 
15 + PL4521 116 54.7 45 16.9 21 8.67 
15 + PL4523 370 66.4 140 2 11.5 61 9.52 
S1 230 143 65 43.9 27 14.7 
S2 140 62.9 15 24.8 19 10.3 
S3 103 62.0 31 21.7 13.S 8.37 
S4 175 65.3 50 20.4 21 7.37 
SS 130 67.3 35 20.3 14 8.01 
S6 190 129 45 40.2 16.5 13.4 
S7 160 67.1 49 19.3 21 9.21 
M1 155 52.0 50 18.0 22 9.38 
M2 95 67.1 31 20.9 14 8.53 
M3 120 67.2 42 22.9 19 8.97 
M4 145 69.3 46 17.7 20 9.08 
MS 55 60.2 19.5 19.0 9 9.36 
REF 180 179 40.0 43.1 15 17.8 
I LLUSTR=JI0'..:Q 













Figure 1. High Temperature High Pressure Viscometer for Temperatures 











Microscope or IR Detector 
Roller 
Disc 	Timing Belts 
Figure 2. Concentrated Contact Simulator 
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Figure 3. Pressure-Viscosity Isotherms for ASTM Ref. Oil HR(Ref). 
































Figure 5. Pressure-Viscosity Isotherms for Oil S-2. 
* S3 
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Figure 6. Pressure-Viscosity Isotherms for Oils S3 and W. 
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Figure 13. Pressure-Viscosity Isotherms for Oil 14-5 
'4 Pressure/GPa ' 8 
Figure 14. Pressure-Viscosity Isotherms for (.) R620-1S, 
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Temperature, T/C 
Figure 15a. Traction Coefficient versus Temperature for 




Roller Finish: 3/0 Paper Diamond Lapped 
Fluid:S-5 
K=1.0,pi =1.4 GPa 
• E =2.0 
*E=0.05 
0.00-4 	 
20 40 	60 	80 	20 	40 	60 	80 
Temperature, T/C 
Figure ISh. Traction Coefficient versus Temperature for 
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Slide-Roll Ratio, E 
0.04 
Figure 16. Traction versus Slide-roll Patio For Oil S-I 
at 1 = 21.5C and V - 1 m/s. 
K=3 	p4 = 0.74 GPa 	V = 1 m/s 
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Figure 17. Traction Coefficients as a Function of Temperature 
at 7. = 0.9 and 0,05 for Oils S-1, S-S and Per. 
*■11111,,.. 
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* Fluid: M-2 
* Fluid: S-3 









Figure 18. Traction Coefficients as a Ftmction of Temperature 
at T = 0.9 and 0.05 for Oils M-S, S-6, M-2 And S- -C. 
1=0.9 

















	 1= 0.05 	
* 	0.0 5 
= 3 1::4 = 0.74 GPa 	V = 1 m/s 
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(b) 
Figure 19. Traction Coefficients as a Ptmction of Temperature 












K= 3 PH = 0.74 GPa 	V = 1 m/s 
Fluid: M-1 	 Fluid: S-7 
0.9 1= 0.9 
•••••- 
1=0.05 1=0.03 * * 
(a) 	 (b) 
0.00 
20 	40 	60 	80 	20 	40 	60 	80 
Temperature, T/C 
Figure 20. Traction Coefficients as a Function of Temperature 
















   
0.3 V/m /a 1.0 
Figure 21. Traction Coefficients of Two Base Oils and Two 
Polymer-oil Blends at T = 26C, PH = 
Figure 22. Fringe Order versus Rolling Velocity for Oil S-6 
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Figure 24. Measured and Predicted Film Thickness for oil S-1. 
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Figure 29. Measured and Predicted Film Thickness for Oil S-6. 
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Figure 30. Measured and Predicted Film Thickness for Oil S-7. 
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Figure 31. Measured and Predicted Film Thickness for Oil M-1. 
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Figure 38. Film Thickness Measured and Predicted (--- from Blend 
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Figure 39. Film Thickness Measured and Predicted (--- from Blend 
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Figure 40. Effective Viscosity as a Function of Low Shear Viscosity 























• ASTM Reference Oil 
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Figure 41. Effective Viscosity as a Function of Low Shear Viscosity 
for Oils without V.I. Improver. 
































Figure 42. Pressure-Viscosity Isotherms for Twelve Commercial Oils by 
SAE Grade. 
1=0.05 1=0.05 



























0.00-1 	I 	I 1 	1 	I 	I 
20 40 60 	80 	20 40 60 80 
Temperature, T/C 
Figure 13. Traction Coefficients of Groups of SAE 1(114-411 and 10W-30 
Grade Oils as a Function of Temperature for7. = 0.9 and 
0.05, P11 = 0.74 GI'a, V = 1 m/s. 
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Figure 44. Traction Coefficients of SAE Grades as a Function _of 
Temperature for 1= 0.9 and 0.05, PH = 0.74 GPa, lr= 1 m/s. 
APPENDIX 
UTERI CAV: 5A\ Z': INFOR.1AT I ON 
Mileage - Viscosity 
Motor Oils 
Code SAE Grade 
Comments 
Manufacturer Name  
1 10IV-40 Gas saving, formula Shell ni 1 Compan y Fire and Ice 
S-1 20W-S0 NT -mirth-Castro] 	Inc, GTX 
S-2 10W-40 Texaco Inc. Ilavoline 
M-2 10W-30 Mi 1 cage Sun Oil Company Cam 2 Mileage 
S-3 10W-30 Sun Oil Company Can 2 
M-3 10W-40 Crnphite Atlantic Richfield Company ARCO Graphite 
S-4 10W-40 Quaker State Oil Refining Company Deluxe 
M-4 10W-40 Energy Saving Quaker State nil Refining Company Sterl ing 
S-S 10W-20W-30 Quaker State Oil Refining Company Super Blend 
S-6 30 Quaker State Oil 	Pefininp Company Ifl1 	Oil 
M-S SW-20 Synthetic Mobil nil Corporation Mobil 	1  
S-7 10W-40 Pennzoil Company Multi-Vis 




AND LUBRICANTS ASTM. 1916 Race St., Philade!phla, PA 19103 (215) 2994400 
Chairman S. D. ANDREWS, Florida Dep,. V Agriculture & Consume ,  Services. Div of Stondords, Moyo Bldg., Lab Campiea, Tallahassee, Flo 32304 
(904.488-0645) 
Fire Vicit•Cheirmen V. A. SMITH, Amocc Oil Co., Boy 71C, Tech. Service Bldg.. Whiting, Ind 46394 :219-473.322e; 
Second Vice-Chairman • P. I.. STRIGNER, NolionoI Research Cou-cil of Conodo. DI, of Mech. Engrc.. °flow° K1A ORO Ont., Canada (613.993.24434) 
Sees, ?try B. R. HALL, American Petroleum Inst.. 21:1 l SL., N W. Washington. D.C. 20032 (202.457.71E3) 
Scoff Manager E. R. SULLIVAN (215.299.5514; 
March 24, 1981 
Reply to: Gordon R. Farnsworth 
Exxon Chemical Company 
P. O. Box 536 
Linden, N. J. 07036 
Ward O. Winer 
School of Mechanical Engineering 
Georgia Institute of Technolcgy 
Atlanta, Georgia 30332 
Dear Ward, 
I recently received your request for information regarding oils included 
in your Tribology study being conducted under government contract. As 
reference oil chairman of the ASTM Task Force on Fuel Efficient Engine 
Oils, I can supply descriptive data for HR reference oil. 
• Name - ASTM High Reference Oil (HR) 
• Base Oil - 60/40 Solvent 150/Solvent 600 
• VI - None 
• Friction Modifier - None 
• DI Package - API SF Quality 
• Finished Oil Analysis 
Viscosity - 9.5 cSt @ 210 ° F 
Zn - 0.13 Wt.% 
Mg - 0.13 Wt.% 
• Viscosity Grade - SAE 20W30 
I trust this information meets your needs and I look forward to receiving 
a copy of the contract reports. 
Very truly yours, 
GORDON R. FARNSWORTH 
/jz s 
_ 	. 	. 
Standards for Matenals Products Systems 8 Services 
THE LUBRIZOL CORPORATION 
29400 LAKELAND BOULEVARD WICKLFFE. OHIO 44092 
216/943-4200 
January 19, 1981 
Professor Ward 0. Winer 
Engineering Consultant 
1025 Mountain Creel: Trcil, 
Atlanta, Georgia 30325 
Dear Ward: 
The following information is available on sa=le 
OS No. 52287, the AFT 5-Car FE Test nigh E^fr?r ,mcc 
011: 




@ 100°C 9.55 







We hope your studies with this oil are successful. We 
would, of course, be interested in your results and how 
they compare to vehicle data gcncrat2d r9t Lubrizol. If 
I can be of any further assistance please let me know. 
Very truly yours, 
Brian M. O'Connor 
BMO/cao 
THE LUBRIZOL CORPORATION 
CLEVELAND, 0H10 44117 
March 12, 1981 
Professor Ward 0. Winer 
Engineering Consultant 
- 1025 Mountain Creek Trail. KW 
Atlanta. Georgia 30328 
Dear Ward: 
Under separate cover we are sending you one pint of 
OS52655. the current batch of ASTM Reference Oil, 
HR-2. This is as per our conversation at last month's 
SAE meeting. 
Very truly yours, 
W. B. Chamberlin 
WBC 'bj 
  
CeS.' ,71: 1 
  
     
Burmah-Castro! Inc. TELEPHONE (201) 287-3120 TELEX 	844463 
30 EXECUTIVE AVENUE, EDISON, NEW JERSEY 082'7 
May 8, 1981 
Mr. Ward 0. Winer 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
Dear Mr. Winer: 
In response to your letters of 2/24 and 5/1, below are the 
requested items of information. I am sorry about the delay 
in responding. 
Product: GTX 20w/50 motor oil (and all other GTX 
grades; note GTX 10w/30 is friction modified 
with a proprietary soluble compound). 
High VI solvent refined neutral parafinic 
Most production is with non-dispersant 
Olefin Co-polymer 
% weight of neat polymer is approximately 
1% in 20w/50 
Average molecular weight is approximately 
60,000 (by membrane osmometry); approximately 
50,000 by gel permeation chromatography 
Some production is with a dispersant Poly 
methacrylate 
% weight of neat polymer is approximately 
1% in 20w/50 
Average molecular weight is approximately 
150,000 by osmometry; approximately 125,000 
by gel permeation chromatography 
Please note that we cannot be certain of these % 
weight, and molecular weight since we do not pro-
duce the polymers ourselves. As a more general 
description, we pick VI improvers for 0 shear loss 
in the L-38 10 hour test; ASTM FISST loss is about 
5% or less 
Base oil: 
VI: 
Specrar ,srs rn luorrca'ay since 189.9 Member Burmen 
1111101W 
D-1: 	 alkyl ZDDP, Calcium Sulfonate, ashless dis- 
persants and antioxidants. SF/CC, CCMC 
approximately 5% of neat undiluted additives 
FM: 	 No (except GTX 10w/30) 
We have been doing such research on the role of Theology on fuel 
economy. A joint SAL paper is due to be presented at the June 
'81 SAE meeting in Detroit. I cannot supply you a copy at this 
time, since it represents a joint project with other entities. 
It shoud be of considerable interest as background to your studies. 
The SAL paper number is 810800. 
Regards, 
I 	Richard G. Tittel 
RGT:bb 	 Technical Coordinator 
T - 297 
PETROLEUM PRODUCT5 
RESEARCH. ENVIRONMENT. 	 TEXACO INC 
AND SAFETY DEPARTMENT P. 0. BOX 609 
M. D. FUORDAN 
	
BEACON, NEW YORK 12508 
MANAGER 	 974-8373400 
PETROLEUM PRODUCTS RESEARCH 
March 20, 1981 
Prof. Ward 0. Winer 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
Dear Professor Winer: 
Thank you for your inquiry concerning Texaco Havcline Motor 
Oil. In selecting Texaco motor oil for your studies we 
suggest you use Havoline Supreme 10W-40 which is our fuel 
efficient API-SF motor oil. It is formulated with all 
solvent neutral mineral oils, an olefin-copolymer VI improver 
and a DI package containing succinimide dispersant, calcium 
sulfonate detergent, alkyl zinc dithiophosphate. In addition, 
the oil contains an oil soluble friction modifier. Attached 
are typical inspection tests obtained on Havoline Supreme 
10W-40. 
We will be interested in the results of your study. Please 
advise if we can be of any further help in this matter. 
Very truly yours, 
RGL-bt 
Attachment 
Prof. Ward 0. Winer 
Attachment 
March 20, 1981 
HAVOLINE SUPREME 10W-40 
Typical Tests 
Gravity, °API 32.0 
Flash, 	COC, 	°F 420 
Kin Vis., cSt at 	40°C 85.4 
100°C 13.13 
CCS 	Vis., cP, -18°C 2430 
Pour 	Pt., °F -20 
Ca, 	% 0.24 
P, 	% 0.14 
Zn, 	% 0.15 
N, 	% 0.10 
Suntech Group 
P 0 Bca 11 9 5 
s Hock, PA 19 
225 4e5 74 
May 21, 1981 
Dr. Ward Winer 
School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, GA 30332 
Dear Ward: 
It has been quite a while since I've seen you, but it was good to get 
your letter about the "Role of Tribology in Automotive Fuel Economy", 
which was forwarded to me by Frank Didot. Since Jim Lauer left Sun in 
1978, 1 have been involved in engine oil development, currently working 
in Technical Service for customers. 
Your project looks very interesting, and I would appreciate receiving 
any information generated by the work. In turn, I am supplying in the 
attached table the data you requested on the oil sample that we supplied 
to you. 
If I can be of any further assistance, contact me at (215) 447-1847. 
Best regards, 
Mel Peterkin 
Technical Service Engineer 
MEP:ldw 
Attachment 
cc: Mr. F. E. Didot 
Mr. G. G. Kroninger 
Mr. L. E. Slagle 
CTF 
MAY 28 1981 	,s0 
• 
Suntech, Inc Iowa A Sun Company • 
WARD a wit:pp 
CAM2 MILEAGE 
Base Oil Information: 
100% mineral oil —160 N Solvent Refined 
VI Package: 
Styrene-ester copolymer 
Avg. mol. 	wt. of 	 328,000 wt. avg. 
98,000 number avg. 
Used at 	2 wt. 
D-I Package: 
SF/CB Calcium Chemistry Detergent-Antioxidant at - 
Friction Modifier: 	Soluble Organic Phosphate 
Other: 	 10W-30 SAE Viscosity Grade 
SF/CB API 	Service Grade 
Viscosity Index 	170 
Total 	Base Number (D664) 5.5 
Total Acid Number 	(D664) 2.2 
Viscosity cP/-18°C 1800 
Viscosity, 	cSt/1001 11.3 
Pour Point, 	° C -33 
Zinc, 	% Wt. 0.16 
Phosphorus, 	% Wt. 0.20 
Sulfated Ash, % Wt. 0.94 
MEP:ldw 
5/21/81 
QUAKER STATE OIL REFINING CORPORATION 
PENNSYLVANIA PETROLEUM PRODUCTS 
OIL CITY. PA. 16301 
March 27, 1931 
Professor Ward O. Wine , 
Georgia Institute of Technolocv 
School of Mechanical Encineerinc 
Atlanta, Georgia 30332 
Dear Professor Winer: 
We wish you well in your study on the "Role of Tribology in Automotive 
Fuel Economy" being conducted under contract to the U. S. Department of 
Transportation. The inclusion of several Quaker State motor oils in your 
studies is most complimentary. The general compositional information you 
requested and typical physical properties for the products are given in the 
attached table. In addition, we have also attached Quaker State Technical 
Information Bulletin T-1DO1F which contains additional descriptive inform-
ation on Quaker State Motor Oils. Quaker State Sterling Motor Oil is a 
premium quality fuel economy oil that contains a special oil soluble 
friction modifier that provides outstanding fuel economy benefits. Both 
Quaker State DeLuxe Motor Oil, SAE 10W/40 and Super Blend Motor Oil, SAE 
10W/30 meet the proposed ASTM fuel economy test requirements for a fuel 
economy oil. This, was accomplished without the use of a specific friction 
modifier additive by careful selection of the additive components used in 
the products with respect to their frictional characteristic's. 
We trust that the material provided will be of value to the program 
and look forward to reviewing the results of your studies when they are 
published. 
Very truly yours, 
QUAKER STATE OIL REFINING CORP. 
12PcPArrh rpntpr 
John A. Lunddtlist, 
Associate Director of 
Research and Development 
JAL/rls 
Attach. 
Quaker State Motor Oils  
Product Quaker State  
Sterling Motor Oil 
Quaker State  
DeLuxe Motor Oil  
Quaker State  
Super Blend Motor Oil  
Quaker State  





API Service Designation 
	
SF-SE 
General Description  
Base Oil 
	
Select cut of refined oil 
from Pennsylvania Grade 
Crude Oil 
Viscosity Index Improver 	Multifunctional* 
Dispersant Type 




Plus Other Additives 
Friction Modifier Additive 	Oil Soluble Type 
Typical Physical Properties  
Gravity, °API 	 29.5 
Viscosity @ 210°F., SUS 	 77.1 
Apparent Viscosity (CCS) 0 0 0F.,cP 2075 
Flash Point, COC, °F. 	 420 
Total Base No. 	 7.7 
Sulfated Ash, wt. % 	 0.99 
10W/40 
SF-SE-SD 
Select cuts of refined oil 


















Select cuts of refined oil 


















Select cuts of refined oil 


















BULLETIN T-1001 F 
QUAKER STATE MOTOR OILS 
(Types and Compounding) 
QUAKER STATE STERLING MOTOR OIL 
SAE 101-40 HD 
Quaker State Sterling Motor Oil is blended 







Anti-wear and Anti-scuff 
Detergent and Dispersant 
Viscosity Index Improver 
Friction Modifier 
Base oil, as used in this Quaker State bulletin, 
refers to the motor oil refined from crude oil before 
any additives are used. 
Sterling is an advanced motor oil designed to 
provide greater fuel economy and permit extended 
drain intervals. 
Sterling Motor Oil meets the following desig-
nations and specifications: 
1. For API Service Designations SF, SE 
2. All current automobile manufacturers' 
specifications 
QUAKER STATE DELUXE MOTOR OIL 
SAE 10VV-40 HD and 20W-50 HD 
Quaker State DeLuxe Motor Oil is formulated 







Anti-wear and Anti-scuff 
Detergent and Dispersant 
Viscosity Index Improver 
DeLuxe Motor Oil meets the following 
specifications and designations: 
1. For API Service Designation SF, SE, and SD 
2. All 	current automobile 	manufacturers' 
specifications 
3. The SAE 10W-40 product meets proposed 
ASTM. fuel economy tests. 
QUAKER STATE SUPER BLEND MOTOR OIL 
SAE 5W-20 HD, 10A-30 HD and 20V.-40 HD 
Quaker State Super Blend Motor Oil is basically 
similar to DeLuxe in formulation. Super Blend meets 
the following specifications and designations 
1. For API Service Designation SF, SE, SD, 
and CC. 
2. All 	current automobile 	manufacturers' 
specifications. 
3. Any U.S. Military Specification MI L-L-46152. 
4. The SAE 10W-30 product meets proposed 
ASTM fuel economy tests. 
QUAKER STATE HD MOTOR OIL 
SAE 10W, 20W - 20, 30, 40, and 50 
Quaker State HD Motor Oil is formulated from 







Anti-wear and Anti-scuff 
Detergent and Dispersant 
Quaker State HD Motor Oil meets the follow-
ing specifications and designations: 
1. For API Service Designation SF, SE, SD, and 
CC 
2. All current automobile manufacturers' 
specifications 
3. U.S. Military Sepcifications MIL-L-2104B, 
MI L-L-2104A, and any MIL-L-46152 
4. Mack EO-H 
5. Detroit Diesel 
6. Cummins Diesel (Non-turbocharged) 
7. International Harvester 
(continued on other side) 
QUAKER STATE RACING MOTOR OIL 
SAE 30 HD, 40 HD, 50 HD, and 20W-50 HD 
Quaker State Racing Motor Oil contains the 
same types of additives as HD Motor Oil. 
However, Quaker State Racing Motor Oil 
contains a much higher treatment of anti-foam 
additives, and a considerably higher content of ant,-
wear and anti-scuff additives. This extra treatment 
has been found to be highly beneficial in engines 
operated under full throttle, especially at engine 
RPMs over 4000. 
Quaker State Racing Motor Oii meets the 
following specifications and designations: 
1. For API Service Designation SF, SE, SD, 
and CC 
2. All 	current 	automobile 	manufacturers' 
specifications 
QUAKER STATE HDX UNIVERSAL FLEET 
MOTOR OIL 
SAE 10W, 20W•20, 30, 40, and 15W-40 
Quaker State HDX Universal Fleet Motor 
Oil is especially formulated to meet the require-
ments of API Service Designation CD and U.S. 
Military Specification MIL-L-2104C. 
HDX is formulated from scientifically selected 
base oils, plus the latest proven additives. 
HDX contains a very high content of special 
detergent and dispersant additives especially designed 
for the requirements of heavy duty Diesel engines, 
and particularly those which have to be operated on 
poor grades of Diesel Fuel (high sulfur and/or high 
aromatic hydrocarbon content, or high endpoint 
distillation range). 
HDX is also suitable for use in severe duty 
gasoline engines where unusual operating conditions 
cause heavy crankcase contamination with blowby 
residues. 
HDX meets the following specifications and 
designations: 
1. For API Service Designation SF, SE, CD, 
and CC 
2. U.S. Military Specification MIL-L-2104C 
and any MIL-L-46152 
3. Caterpillar TO.2 
4. Cummins  
5. Detroit Diesel 
6. International Harvester 
7. Mack ED•J 
8. Detroit Diesel Allison Division C-2/C•3 -
SAE lOW and 30 Grades 
9. Certified to meet automobile manufacturers' 
specifications 
10, Recommended where Series 3 type oils are 
required 
QUAKER STATE HDX EO•K MOTOR OIL 
SAE 15W-40 
Quaker State HDX ED•K Motor Oil is blended 
from scientifically selected base stocks and additives 
to provide outstanding protection in today's heavy 
duty engines. This product is designed specifically 
to exceed Mack EO-K requirements. It can, however, 
be used in other heavy duty Diesel engines and in 
gasoline engines. 
HDX EO-K meets the following specifications 
and designations . 
1. For API Service Designation SF, SE, CD 
and CC 
2. Mack EO•K 
3. Mack EO-J 
4. Cummins 
5. International Harveste r 
6. Caterpillar 
7. Certified to meet Automobile Manufacturers' 
Specifications 
8. Recommended where Series 3 type oils are 
required. 
QUAKER STATE REGULAR MOTOR OIL 
SAE 20W -20 and 30 
Quaker State Regular Motor Oil is formulated 





Anti-wear and Anti•scuff 
Detergent and Dispersant 
Quaker State Regular Motor Oil meets only the 
requirements of API Service Designation SC. Regular 
motor oil should only be used in car engines built 
before 1968. 
Produced in U.S.A. 
1 
PENNZOIL PRODUCTS CaVJTAKY 
PENNZOt. PEACE • P 0 BOX. 29E7 • HOUSTON TEXAS 7700' • ■ ; 3i236-76 7 E 
March 16, 1981 
Dr. Ward 0. Winer 
Professor 
School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
Dear Dr. Winer: 
Your letter addressed to J. G. Valdez has been passed 
onto me for response. I will attempt to supply as 
much information as I can to you within the limits of 
propriety and my own knowledge. 
One of the factors involved in motor oil technology 
is, of course, the fact that the additive suppliers 
mix the various components in proprietary fashion to 
give us the performance requirements we desire. On 
that basis, it is quite difficult to identify in 
any detail what the DI package of any motor oil is. 
I can certainly identify VI package and to some 
extent friction modifiers. 
Pennzoil is a multi-location, multi-base stock company 
and so it is difficult to identify any specific base 
oil composition. We also use more than one DI and VI 
package combination at our various locations. In 
general, it is our policy to establish performance 
targets which the additive suppliers are requested to 
meet. 
The attached table gives what information I have 
available at this time on our formulations. Since you 
note only the SAE 10W-40 grade in your tabulation of 
products, I am sending information only on that grade. 




S. E. Swedbe g, Manager 








Location Code 	 A 
Base Oil Composition  
Mid Continent Solvent Refined 	X 
Base Oil (27.0 cst at 40°C) 
Mid Continent Solvent Refined 	 X 
Base Oil (29.0 cst at 40°C) 
Pennsylvania HF Base Oil 
(27.0 	cst 	at 	40°C) 
VI Improver 	(As solid, Wt. 
X 
Non Dispersant OCP 	(SSI=20) 1.5 1.5 1.5 
DI Package 	(Wt. 	7) 
SF Performance Level 7.0 7.0 7.0 
Friction Modifier 
Soluble material consisting 
of one or more of the 
Yes Yes Yes 
following: 
Fatty acid esters 
Sulfurized fatty acid 
esters 
32 (REV. 5-78) 
Shell Development Company 
Interoffice Memorandum 
March 30, 1981 
Professor Ward O. Winer 
School of Mechanical Encineering 
Georgia Institute of Technology 
Atlanta, GA 30332 
Dear Professor Winer: 
This replies to your February 24, 19E1 letter requesting information on our 
large volume branded passenger car engine oil, Shell FIRE & ICE' 10W/40 
Motor Oil. 
The HVI base oils used in blending FIRE & ICE 10W/40 Motor Oil are 
manufactured primarily from domestic Mid-Continent crude sources used in 
combination with small but significant quantities of foreign crudes. 
Processing includes solvent extraction and hydro-finishing. A proper 
ratio of HVI 100 and HVI 250 is used to provide viscosities meeting the SAE 
IOW specification at -18 0 C and the SAE 40 specification at 100°C. 
SHELLVIS 40, a styrene/olefin-based hydrocarbon co-polymer manufactured 
by Shell Chemical Company, is used as the VI improver. This solid, 
oil-soluble polymer is used in optimum concentration to meet 10W/40 
viscosity classifications with the combination of base oils noted. 
A proprietary Shell DI (detergent-inhibitor) additive system is used in 
combination with SHELLVIS 40. 	Treatment is near the 10 percent level 
common for API SF quality automotive oils. 	It encompasses a calcium 
overbased detergent and a conventional ashless dispersant for engine 
deposit control, antiwear additives as required to meet API SF standards, 
a pour point depressant and an antifoam agent. 0.15%w zinc as dialkyl zinc 
dithiophosphate is used for antiwear performance and a proprietary 
oil-soluble friction modifier is used for fuel efficiency. 
Test results show that. Shell FIRE & ICE 10W/40 Motor Oil comfortably meets 
all API SF quality requirements and the proposed ASTM test requirements for 
energy conserving oils. 
Typical chemical and physical properties for the finished oil are given in 
Attachment 1. 
Hopefully, this information will be satisfactory for your needs. 
Sincerely, 





SHELL FIRE & ICE MOTOR OIL 10W-40 
SUMMARY OF BENCH TEST RESULTS  
Finished Oil Characteristics  
1. Gravity, ° API (ASTM 0-287) 
2. Flash Point, °F (ASTM D-92) 
3. Pour Point, °F (ASTM D-97) 
4. Foaming, ml (AST D-892) 




0/0, 15/0, 0/0 
5. Viscosity, cP at -18 ° C (AST! 0-2602) 	 2250  
cSt at 40 ° C (ASTM D-445) 	 80.0  
cSt at 100 ° C (ASTM D-445) 	 13.9  
6. Viscosity Index (ASTM 0-2270) 	 180  
7. Total Base No. (ASTM D-664) 	 7.3  
8. Total Acid No. (ASTM D-664) 	 3.1  
Q. Sulfated Ash, %, (ASTM D-874 	 1.08  
10. Analyses for identifiable elements, wt.%. 
	
Ma NIL 	Ca 0.26 	Ba 	NIL 	P 0.14 	Zn 0.15 
N 0.03 	S 0.34 
ARCO Petroleum Products Company 
March 25, 1981 
Dr. Ward 0. Winer 
School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
Dear Dr. Winer; 
Your recent letter asked that we provide the composition of our 
SAE 101A-40 ARCOgraphite motor oil in terms suitable for describing 
the product in a technical publication such as an SAE paper. We can 
release information of this type to the extent that the oil contains 
an all mineral oil base oil composition. In addition, the oil does 
contain graphite as a colloidal friction modifier. We trust that 
this information along with any physical or chemical data you may 
generate on the sample you use for testing will suffice to define 
the oil in a publication. 
Very truly yours, 
ARCO Petroleum Products Company 
D. L. DeVries 
Ermine Otis Research and 
Development 
DLD:sjv 
. 	 s•c -, o!Aus-o,c14 ■ 011. ■ 'C:C.,4%2'.. 
Mobil Research and Development Corporation 
RESE A4C.- DERAR - MEN -
RA,L_SROR: NE ■A JERSEY 0806E 




March 18, 19E1 
File: 	311.1 
Prcj: 182-10 
Dr. Ward 0. Winer 
School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
Dear Dr. Winer: 
In response to your inquiry of February 24, 1981, we offer the following. 
Mobil 1 5W-20 employs a fully synthetic base stock which is mostly SHF made 
from the polymerization of olefins. An ester is also included as an elasto-
mer seal swell agent. Because these synthetic base stocks have an inherently 
high viscosity index, the SAE 5W-20 multigrade viscosity characteristics are 
obtained with no polymeric VI improver in the formulation. 
The additive system in Mobil 1 was developed specifically for optimum response 
with the synthetic base fluids and contains metallic detergents, ashless dis-
persant and alkyl zinc dithiophosphate. The physical and chemical properties 





@ 100 ° C 	(212 ° F), 	cSt 





CCS Viscosity @ 0 ° F (-17.8 ° C), P 11 
Flash Point, 	°C( ° F) 238 (460) 
Pour Point, 	°C 	( ° F) -65 (-85) 
TBN 	(D2896) 6.2 
Sulfated Ash, 	% Wt. 1.0 
Calcium, % Wt. 0.21 
Zinc, % Wt. 0.13 
Phosphorus, % Wt. 0.12 
We trust this information is helpful and are glad to be of assistance. 
Very truly yours, 
H. V. Lowther, Manager 
Engine & Power Train Lubricants 
CDLack/jpa  
DESCRIPTION OF EXPERIMENTAL FLUIDS 
Symbol: 	R-620-15 
Source: 	Sun Oil Company 
Type: 	 Naphthenic Base Oil 
Properties: 	Viscosity at 37.8C, mm 7 /s 	 24.1 
Viscosity at 98.9C, mr: 7 /s 	 3.73 
Viscosity Index (ASM! 1)-22, j 	 -13 
Flash Poin, , C 	 157 
Pour Point, C 	 -43 
Density at 20C, Kg/L, 3 	 915.7 
Average Molecular Wei0It 	 305 
Symbc1: 	Ro::)-16 
Source: 	Sun Oil Company 
Type: 	 Naphthenic Base Oil 
Properties: 	Kinematic Viscosity at 37.8C mm 2 /s 	114 
Kinematic Viscosity at 98.9C mm 2/s 	 8.1 
Density at 20C kg/m 3 	 930 
Average Molecular Weight 	 3S7 
Symbol: 	PL4521, PL4523 
Source: 	Rohm and Haas Company 
Type: 	 Polyalkyimethacrylate 
(Polymer additive used in solution in R620-15, 
4.0% polymer by weight) 






differ only in molecular weight and are supplied in 
a carrier oil similar to R620-15 
PL45.21 	PL4523 
36.1% 	19.0% 
560 x 10 3 	2 x 10
6 
